




MODERN 

ELECTRICAL ENGINEERINC 




MODERN 

ELECTRICAL 

ENGINEERING 


PREPARED UNDER 
THE EDITORSHIP OF 

MAGNUS MACLEAN M.A. D.Sc. 

PROFESSOR OF ELECTRICAL 
ENGINEERING IN THE ROYAL 
TECHNICAL COLLEGE GLASGOW 


In Six Volumes: Profusely Illustrated 
with Diagrams and Plates 

VOLUME I 


TH|: GRESHAM PUBLISHING C 9 MPANY LTD. 
* 66 Chandos Street, Covent Garden, London 




PREFACE 


The Juccess which has attended the two separate issues, in 
•ecent years, of Modern Electric Practice, has been so gratifying 
hat the publishers have asked me to edit a similar work on 
Modern Electrical Engineering. Accordingly, I have, as on the 
wo previous occasions, obtained the co-operation of contributors, 
;ach of whom is an expert in his own department of study and 
jractice. 

The separate articles are;— 

1. Electric and Magnetic Measurements. 

2 . .-tETERNATlNG CURRENT MEASUREMENTS. 

3. Continuous-current Generators. 

4. .'Xi.tern.atino-current Generators. 

5. Direct-current Motors. 

6. .■\ltern.\tin(;-current Motors— 

.A. Synchronous Motors. 

B. Alternating-curreiu Commutator Motors, 
c. Induction Motors. 

D. Rotary Converters. 

7. Static Transformers. 

8. Storage Batteries. 

9. Switches and Switch-gear. 
to. Electric Mains. 

11. High-pressure Transmlssion of Electrical Enercv 

12. Electric Lighting and Wiring. 

13. Arc Lamps. 

14. Incandescent Lamps. 

15. •Electric Tramwavs. 

16. Electric Traction on Railways. 

17. Electrical Appliances in use on Railways." 

18 . Electric Vehicles. 

Steam Boilers. 
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30 . Stbau-icngines and other Prime Movers. 

31 . Condensing and Auxiliary'Plant. 

33 . Electrochemistry and Electrometallurgy. 

33. Telegraphy. 

34. Telephony. 

35. Electricity in Mining. 

36 . Electric Cranes. 

My cordial thanks are due to the contributors for their heart]^ 
co-operation and for their readiness to accept "suggestions made 
with a view to the symmetrical arrangement and completeness 
of all the articles. 

I have also to acknowledge gratefully the willingness with 
which manufacturers supplied prints, tracings, and blocks of the 
various pieces of apparatus described in the text. 

MAGNUS MACLEAN. 

The Royal Technical College, 

Glasgow, 1918. 
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Electric and Magnetic Measuremei\^ 


CHAPTER I 

MECHANICAL AND MAGNETIC UNITS 

Introduction.—There can be little doubt that the extremely ra(M 
development of electrical engineering has been (n a large measure due ‘ 
to the early adoption of a sound system of units. 

The absolute system of units introduced in 1832 by Gauss,, and 
developed by Weber, was made a practical reality in this country through 
the work of the British Association Committee on Electrical Standa^s 
•{1861-70). j 

It was mainly owing to the exertions of Lord Kelvin that this com-, 
mittee was formed. Among engineers of that day there seems to have; 
been a considerable section of opinion in favour of arbitrary practical Units. 
The committee saved electrical engineering from the chaos the adoption 
of suqh a system would have involved, by establishing without hesitation 
the absolute system of units. The committee carefully pointed out that 
the word absolute is used in this sense as opposed to the word relative, and'; 
by no means implies that the measurement is accurately made or thirt |h(| 
unit is necessarily perfect, but only that the measurement, instead of b|p|^ 
a simple comparison with an arbitrary quantity of the same kind, is miide 
with reference to certain other fundamental units of another kind treated 
as postulates. 

'In building up a system of physical units it is found necessary to 
choose arbitrarily three units as a basis of the system; all the oflier units- 
may then be very simply derived from the three whose magniti^fo have 
been arbitrarily fixed, and which are called the three fundameO^ unita, 
If we attempted to choose more than three, say four, units ariitrarify, thei]t 
we^ould find that such a random choice of the magnitudes of four unitt 
Urould no longer enable us to maintain the simplicity aimed at, and ino^ 
vetiiftil constants would be introduced in referring the other urilts 
tom chosen at random. Any three units might bjS selected as the fihipl'i 
RtMtal units; but, for the sake of simplicity and convenience, the 
lUnits which have been adopted as fundamental units are those of 
iijieue,‘.agd tinte. Not .only are these unit) known to, everybody, 
thei^rements in terms of them ara in common everyday life as, well 
a^tific investigations, more frequent than afiy other •measuf^ien^l 
AlifOt^ physical units may now be derived from the three finwta m eeii a fc 
for this reason termed oirmwd^inits. 

KRVikB-I 







The unit$ of length, mass, and time finally chosen l^y the cdm)tot|se ; 
Wi«.*the centimetre the gramme, and the" second respectivelyi^^^.O^^^^ 
erdinary use the absolute or CG.S. electHcal units are found to be inoOri* ; 
veniently small or large as the case may be. This has led to the adoption 
of a set of practical units each of which is equal to the corresponding' 
C.G.S. unit multiplied by an integral power of la 

An important property of the C.G.S. system of electrical units may 
be pointed out in passing: The units bear ,a direct relation to the 
mechanical unit of work. Thus, unit current flowing in a conductor of 
unit resistance does a unit of work (or its equivalent) in unit time, . ; 

It is scarcely necessary to emphasize the importance, to the student^ 
of electrical engineering, of a sound knowledge of electrical unit%and their 
relationships. In the following chapters an attempt will be made to give 
a connect^ account of the absolute and practical systems of units, to 
indicate bow the more important electric and magnetic measurements may 
be carried out, and to describe the instruments used in such measurements. 

Mechanical Units (C.G.S. System).—In order to lessen the labour 
of numerical computation it is very convenient to select a system of 
physical units in which the relationships are simple and direct, not only , 
between the units themselves, but also between each unit and its multiples 
used as auxiliary practical units. 

The metric system possesses these advantages, and for that reason 
is used by electrical engineers almost exclusively. By the use of such 
a system not only is the arithmetical part of a calculation simplified, but 
In many cases the necessity for remembering constants is done awa>^wfth. 
In the more cumbrous British system the relations between the units and 
their multiples are such that awkward multipliers and divisors are con¬ 
stantly introduced into arithmetical work. Owing to the familiarity of the 
British system commercially it isf occasionally more convenient to express 
experim^tal results in British units; for example, the output of a motor 
would usually be expressed in brake horse-power and not in watts. 

Unit of Lengfth.—The C.G.S. unit of length is the centimetre (usually 
written cqi.). This unit was originally intended to represent one-thousand- 
millionth of the distance along a meridan arc, passing through Paris, from 
the pole to the equator. It is now defined to be one-hundredth of the 
distance between two marks on a CMtain bar of platinum-iridium kept 
at Paris. The units of area and volume are directly derived from the 
unit of length. The unit of area (i sq. cm.) is the area of a square whose 
side is I cm. long; and the unit of volume (i cu. cm.) is the volume of 
a cube whose edge is i cm. long. 

Unit of Mass.—The unit of mass is the gramme, and was originally 
intended to represent the mass of a cubic centimetre of water at its 
maximum density.^ It is now defined to be one-thousandth of the mass 
of a certain block'of platinum kept at Parjis. 

' Unit of Time.-»The unit of time is the second and is a certain 
uaction of tlfe‘»><ftN solar day. The units of velocity and acclerati^ 
turn derived directly ftom the upits of length and time; the ofvekti^ 
^ng I cm. p^ sec,*and the unit of acceleration i cm. per sec. *^%ec. ft i u 



'^ Ugdt of'I^wve.— is the unit of force, and is 

sifting alone upon a mass of / gramm* produces in it an acei|M«iifn' 

I cm. ptr stc. ^ sec. ' ^ 

It also represents the force which acting alone for / upon a ihass 
of r gramme, originally at rest, imparts to it a velocity of / ow. gerset. 

If a mass of i gramme be allowed to fall freely under the acticm of 
its own weight at the earth’s surface, it is found to move with an accde> 
ration of 981 cma per sec. per sec. Hence the gravitational pull exited 
by the earth on a mass of i gramme, or the weight of a gramme*mass, 
4 s equal to 981 dynes. The gramme-weight is the gravitational unit of 
Torce, and is, as we have just seen, much larger than the absolute unit 
Unit «f Work.—The erg is the unit of work, and is the work done 
by a force of / dyne acting in its own direction through a distance of / cm, 
The joule is an auxiliary practical unit of work and is equal to 10^ ergs. 
Unit of Activity or Power.—The unit of activity is that rate of 
working in which i erg of work is done per set The watt is an auxiliary 
unit of activity and is equal to a rate of working of id' ergs per set,, or 
I joule per set 

Relationships between Metric and British Units.—As it is some¬ 


times necessary to express a quantity in terms of the units of the one 
system when it has, perhaps, been determined in terms of the units of 
the other system, the relationships between the foregoing metric units 
(both absolute and practical) and the corresponding British units are set 

out in tabular form below:— 

• « 



Metric Unit. 

! A}>solu(e 


IKkmH 


I cm. 

I gramme 
I dyne 

t kg.-wt. 

I erg 

/ I joule \ 
11 metre-kg. ji 

• 

1 erg per 
sec. 

I watt 

( • 




Relatloublpi. 


1 foot — I foot = 30.48 eras. : 1 inch 

- 2.54 cms. , 

t pound — I pound » 453.59 grammes. 

I poundal i lb.-wt. 1 poundal » 13 , 82 $ dynes. 

I foot-poundal 

“ 4 |i. 399 erga 
I foot-pound 

»= 1.356 a lo' ergs. 

I foot-pound 

bot-poundal i foot-lb. -• 0.1382 metre-kg, 

I foot-pound 

m 1.356 joules 

I metre-kg. 

•= 9.81 X rtf eigs 
~ 7 . 33 ft.-lbs 
I horse-power =1 746 'x 
ergs, per see. ' 

I horse-power 

■I 746 #stts 

^ ^ 6 ratt 

.« <k 7 jS ft.4b. per see^ 

( K.W. - 1000) watts* 

„ Hi»K.W. « 1.34 H.P. ,{ 












4 ELfiCTRfG AND MAGNETIC M^ASUREM^TS 

Magnetic Units (C.G.S. System).—The mechanical vnits already 
developed may now be applied to the derivation of some of the more 
important magnetic units. In order to arrive at the definitions of the 
various quantities a short discussion of magnetic phenomena is necessary. 

A magnetised piece of iron or steel possesses the property of attracting 
pieces of iron, steel, and certain other magnetic materials (cobalt, nickel, 
and a few compounds). It also possesses the property of taking up a 
definite position when suspended or pivoted horizontally so as to be 
Capable of rotation about a vertical axis. The end of the magnet which 
points approximately north is termed the north-seeking or north pole of, 
it, the other‘end being termed the south-seeking or south pole. The 
property of attraction is mainly confined to the poles or en^ of the 
magnet. Experiment shows that the north ends or south ends of two 
magnets repel each other, while a north end attracts a south end. 

In order to enable us to study quantitativily the laws of magnetic 
attraction and repulsion, it becomes necessary to define a unit magnetic 
pole (also called unit quantity of magnetism). If we attempt to isolate 
a single magnetic pole by breaking a magnet, we find that this merely 



Fig. \ 


results in the production of two complete magnets, each with a north 
and south pole. In order to enable us to study the effects due to a 
single pole, we have to use an extremely long magnet. If the# we 
confine our attention to points in the immediate neighbourhood of one 
of the poles the effect due to the other may, on account of its distance, 
be neglected. 

Imagine, then, two very long magnets, similar in every respect, placed 
in line, and with their like poles facing each other, as in fig. i, and let suit¬ 
able arrangements be provided for measuring accurately the force exerted 
between them when the poles are i cm. apart* Suppose, further, that 
by suitable means we are able to vary simultaneously and equally the 
d^ree of magnetization of the two magnets, and let this be so adjusted 
that the repulsion between them amounts exactly to i dyne. We then 
agree to say that each pole is a unit magnetic pole. Hence the following 
definition:— 

Unit Magnetic Pole. — A unit magnetic pole is one which, when plaled 
at a distance of / cm. from an equal pole, cuts on it with a force of / dyne, 
the intervening medium being supposed to be air. « • . 

If we suppose that a unit pole is placed at a distance of i cm. from 
another pole, and that the force exerted between them amounts to m 
dynes, we should say that the strength of the second pole js m. From 
this definition it foHbws that the force exerted between two poiesovaries 
as the product of thiyr pole-strengths. 

• . • . 

* medium surroundinc the ma^ett ia supposed to be air. and tbdr lengths OM a^wmed to 
te great in comparison wth x cm., so^that the action due to the distant poles at majr be leit 
At of eonsideratkm. « o 
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As a result of experiment, we find that the force exerted between 
two poles of given pole-strength varies itivtrufy as tk* squan'of tki 
iutanci bttvmn thtm} 

Inverse Square Law.—From the above it is seen that magnetic 
attractions and repulsions follow an inverse square law, which may be 
expressed algebraically as follows:— 


• Where / = mutual force exerted between the two poles of strengths Wj 
and ;«j respectively, 

r — distance from one pole to the other. 


It must be noted that this form of the equation only applies to non¬ 
magnetic media; but this is of little importance practically, since all fluid 
media are non-magnetic. 

Magnetic Moment—The magnetic moment of a magnet is defined to 
be the product of the pole-strength into the distance between the poles. 

Intensity of Magnetization.—The intensity of magnetization of a 
piece of material is defined to be the magnetic moment per unit of volume. 
As an example, let us consider the case of a straight bar magnet:— 


Let m a= pole-strength of magnet, 

/ = distance between the poles, 
V = volume of the magnet, 

I = intensity of magnetization, 
M = moment of the magnet. 
Then M = ml, 


and I 


M ml 

V V 


If the magnet is such that the poles may be assumed to reside at the 
ends, then the distance between the poles will be aqual to the total 
length of the magnet. If "a" is the cross-section of the magnet^, then— 


V = al, 


and I 


ml _ m 
ai a 


Oi the intensity of magnetization is equal to the pole-strength per unit 
area of cross-section of the magnet. 

Magnetic Force.—A unit pole placed at any point in a magnetic field 
wiD experience a force of definite magnitude and in a definite direction. 
This force is defined to be the magnetic force^ at that point 

^ Tbe law of |be inverse square of the distance is somefimes called the /<rto of natun, on accooftt 
of Its vfty general applicability. It bolds not (mly foi^a^etic, but^i^ for gravitatlonaS aod 
elMtrlc attractions and repulsions, and in oiber cases. Tm researches which led up to the experi* . 
mification of this law are fairty numerous, the most imporiaid' being those of Coulomb aod- 
• Gauss, especially tbe latter. A detailed tccouot i)S Gauu'i piW will be found* in J. J. ThoBSOtt'a 
MatlufMtical TMtory ef BUxiritity and Magnaiim (Cambridge Univei^y PM)* ■ 
tThatenn **iiiagnetic Intensity" Is sometimes used ’nitead of malnetie force, but its use is 
jp reawnidiaded. one obvious reason being the probabiluy of confusion with '*lnteeiky tff > 
mh^naUsallon "• 
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Magnetic Field-strength.—A magnetic field is defined to be a region 
throughout which magnetic force exists. The magnitude of the magnetic 
force at any point is a measure of the magnetic field-itrength^i that point. 

f I'twa of Magnetic Force.—The conception of lines of magnetic force 
is of importance, since it enables us to visualize a magnetic field. A line 
of magnetic force may be defined as being an imaginary line which by 
its direction at any point indicates the direction of the magnetic force 
at that point, and which is in a state of longitudinal tension and lateral 
compression. Clearly any number of lines of magnetic force could be 
drawn in any magnetic field. For simplicity in calculation it is agreed, 
to limit the number to one per unit area per unit of field-strength at any 
point in the field, the unit area, i sq. cm., being taken at rig|)it angles 
to the direction of the lines of force. It follows, therefore, that an a uni¬ 
form magnetic field of unit strength there is one line of force per unit 
area, or the number of lines of force per unit area at any point in any 
magnetic field is numerically equal to the field-strength at that point, it 
being understood that the unit area is always taken at right angles to 
the lines of force. 

Number of Lines of Force due to a Unit Pole.—Since the mutual 
force existing between two unit poles placed 
near one another acts in the direction of the 
straight line joining the two poles, it follows 
that the lines of force issuing from or enter¬ 
ing into a unit pole are everywhere perpen¬ 
dicular to the surface of a sphere ciftutft- 
scribed about the unit pole. Imagine that 
a sphere of i cm. radius is circumscribed 
about the unit pole. Every line of force 
must pass through the surface of this sphere, 
and, as we have just seen, every line will be 
perpendicular to the surface. The field strength at all points on the sur¬ 
face of the sphere is unity, since from the definition of unit pole the force 
exerted op another unit pole at unit distance is unity. Also, since one 
line of force corresponds to unit field strength, it follows that one line of 
force passes through each .square centimetre of the surface of the sphere. 

The area of a sphere of i cm. radius is 4 *• sq. cms. Hance the total 
number of lines issuing from^ or entering into the unit of pole is 4 x. 

Magnetomotive Force and Difference of Magnetic PotentiaC— 
The following definitions are very important, and familiarity with them is 
essential to a clear understanding of magnetic-circuit problems. ., 

Consider any magnetic field in which two points A and B are connected 
by any closed curve such as A c B D in fig. 2. 

Let a unit pole^be placed at A, and carried from A round the closed 
curve until A is reached agaiit. The unit pole will experience a magnetic 
force at every point o« the curve, and consequently in passing from a te B 
a certain amolint oT work will be done on or by the unit pole. When* 

• Mf Uie tines of force issue from the pot#, it is n north pole: if they enter into the Mte, il is a somb 

poW. * • 




ITS EFFECTS f 

A has been, reached again, the conditions will be the same as they origi* 
hally were, and no gain or Jloss of energy will have taken place. Cpnsc; 
quently the work done in passing from a to B is equal and opposite tp 
the work done in passing from B to A. Hence the work done in conveying 
a unit pole from A to B is independent of the path taken by the unit pole. 
The total work done in conveying a unit pole once round a closed curve 
in a magnetic field is defined to be the magnetmnotive force round that 
curve. The magnetomotive force round any clo-sed curve in any magnetic 
field, other than one produced by an electric current, is zero. knowledge 
^of the magnetomotive force produced by a given current flowing in a 
given coil of wire is of the utmost importance in magnetic-circuit calcula¬ 
tions, an^ will be treated in detail in Chapter 111 . 

The ^'ork done in carrying tlie unit pole from A to B is defined to be 
the difference of magnetic potential lx;tvveen A and B. In order to determine 
the total amount of work done, we may imagine the path A C B divided 
up into a large number of small parts or elements, such as E K. By 
resolving the magnetic force into two components, one along and the other 
at right angles to E !•', and taking the product of the length of EF and the 
component of magnetic force along it. we get the work done in moving 
over the distance E F. The sum of all such products will give the magnetic 
potential difference between A and B. It is obvious from this th.it the 
m, an value of the magnetic force along any curve is equal to the difference of 
magnetic potential between its ends, divided by the'length of the curve. If 
work has to be done by a unit north pole in overcoming the magnetic 
force* between A and B, then B is .said to be at a higher (lotential than A. 
On the other hand, if the unit north pole has work done upon it by the 
magnetic forces—i.e. if the unit pole tends to move of itself from A to B— 
B is said to be at a lower potential than A. Hence a unit north pole tends 
to move from places at a higher to places at a lower magnetic potential. 

The e.G.S. unit of m;ignctomotivc force (more usually written M.M.F.) 
is identical with that of cliffcrcnce of magnetic potential, and is equal to 
I erg per unit pole. 


CH.AFTER II 

THE ELECTRIC CURRENT AND ITS EFFECTS 

.Effects of an Electric Current.—A discussion of modern views qn 
the passage of electricity through metallic conductors would be out of 
place here, and it must suffice to state that, if a difference of electric 
potential be maintained between the ends of a metallic conductor, what 
is called an electric current will flow in thf conductor., 

^The current is found to be capable of producing several important 
effects. ' . • . 

Th* Magnetic Effect.—The space surrounding a current-carrying 
qogductor i* the seat of magnetic forces. 'A roagneljc needle placed neaw 




Fig. 3.*-0er<l«{I*i Experiment 


^ ELECTRIC AND MAGNETIC MEASORBWENI^ 

and parallel to a conductor will, when a current is passed-through lh« 
conductor, tend to set itself at right angles to the conductor. 

This phenomenon was first observed • by the Danish philosophei 

Oersted in 1820, and is historic¬ 
ally interesting as being the first 
indication of a direct relation be¬ 
tween electricity and magnetism. 
In fig. 3 i simple apparatus is 
shown by means of which Oer¬ 
sted’s experiment may be demon* 
strated. , 

The lines of magnetic force 
set up by the electric current are, 
in the case of a long straight con¬ 
ductor, concentric circles, whose 
centres lie along the axis of the conductor. 

The direction of the current and the direction of the lines of magnetic 
force have a definite relation to one another. Various rules have been 
given for rapidly determining this relation, but perhaps the most generally, 

useful is the “ corkscrew 
rule ”, which may be stated 
as follows: The direction of 
the current and the direc¬ 
tion of the lines of magnetic 
force are related in tHl sdfne 
way as the advance and 
rotation of a right-handed 
corkscrew. 

rb , As an example of the 

^ application of this rule we 

may refer to fig. 3. In driving the screw from left to right (i.e. in the' 
direction of the current as shown in the figure) the rotation will be clock¬ 
wise, indicating that the lines of magnetic force pass down in front of the 
wire and into the plane of the paper below the wire. Consequently the 




* 

north pole of tlie'needle will be urged into the plane of the* paper; 
le. looking at the ft^dle from above, it will appear to be deflecteci in 
. a counter-cloakwiso direction. * 

The practical applications of the magnetic effect of a current aft of the 
.highest importance ia electricaf engineering. The generation'of electiiqal.> 
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povirer oti a 1^ scale is only rendered possible by the use of an electric 
cur^t to produce the magnetic field required in the generators. ,. * 

Electric moters also depend for their operation on an dectrically pro^ 
duced magnetic field. * 

Many-electric control mechanisms consist of a solenoid and sofl*iron 
plunger. When a current is passed through the solenoid the plunger is 
drawn into the strongest part of the magnetic field produced. 

Electromagnets are largely used in ironworks for the handling of scrap* 
iron, &c. 

, The magnetic effect provides a means of detecting the presence of an 
electric current, and suitably contrived instruments, such as mirror galvano* 
meters c^p^ be made highly sensitive, so that exceedingly small currents 
• can be easily measured. 

Heating Effect.—When an electric current flows in a conductor heat 
is produced in the conductor. 

The amount of heat produced depends on the magnitude of the current 
and the resistance of the conductor. By suitably adjusting these quantities 
high temperatures may be obtained. 

, In practice, advantage is taken of the heating effect of an electric 
current to obtain the necessary temperature in electric heating and cooking 
apparatus, in electric lamps, and in electric furnaces, welders, &c. 

Chemical Action of a Current.—Certain liquids are capable of con¬ 
veying an electric current, but their behaviour differs from that of meUllic 
conductors, inasmuch as the liquid undergoes a definite chemical decom- 
pBsitiftn during the passage of the current. 

These liquids are called electrolytes and are chemical compounds either 
in the liquid state or in solution in some solvent. The metallic conductors 
immersed in the liquid, and conveying the current into and out of the 
electrolyte, are called electrodes-, the one by which the current enters being 
called the anode, and that by which it leaves, the cathode. 

The view commonly held at present regarding electrolysis may be 
briefly stated as follows: When a salt is melted or dissolved the metallic 
and non-metallic atom groups which in the solid state are bound together 
by electric forces are to a certain extent dissociated, i.e. the metallic and 
non-metallic groups are free to move about among one another. The 
extent of this dissociation in the case of solutions depends on the nature 
of the solvent and on the relative amounts of the salt and the solvent. Of 
known solvents water produces the greatest degree of dissociation. These 
dissociated atom groups are called ions, and they each carry a defini^ 
eleotric charge. The ions exhibit none of the ordinary chemical pro¬ 
perties, but do so as soon as they give up their electric charge, and eecut 
to be ions. 

The metallic ions (or ions behaving as metallic ions) carry a po»Ht>4 
charger while the non-metallic ions carry* a charge. If tw0 

electrodes are introduced into an electrolyte, one ^ng maintained at i; 
■certain positive potential and the other at a certain- negative pt^entialj^ 
then tlte positively charged ions will pass to the negative electrode: 
(caitiiode}, ^fhile the negatively charged ions will pass to the positiy«^ 
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electwpde (anodeX* If the ions did not give up their chaigc on reading 
the electrodes the action would soon cease. However, when the ions tou^ 
the electrodes they do give up their charge^ cease to be tons^ and appear in 
their free chemical state. P'rosh ions are formed in the electrolyte and the 
action continues. The double procession of ions to the electrodes con» 
stitutes an electric current passing through the solution from the anode to 
the cathode. It frequently happens that the primary products of the 
electrolysis of a salt do not appear at the electrodes, since they react with 
either the material of the electrodes or the electrolyte itself and form other 
substances. 

This secondary action is purely chemical. 

Laws of Efectrolysis.—The weight of a substance liberated from an 
electrolyte when a constant current is flowing through the elqptrolyte is. 
proportional to the time during which the current flows. Further, if 
currents of different strengths are allowed to flow during equal intervals 
oft time through any given electrolyte, the weights of either product 
liberated are proportional to the strengths of the currents. The total 
amount of chemical decomposition in any given electrolyte is therefore 
proportional to the product of the current and the time during which it 
flows, or, in other words, to the quantity of electricity which has passed ‘ 
through the electrolyte. This result was first established by Faraday, and 
is known as Faraday’s First Law of Electrolysis. The weight of a 
substance* liberated by a given quantity of electricity depends on the 
chemical equivalent of the substance. The electrochemical equivalent of 
a substance is defined to be the weight of that substance liberated 4 )y the 
passage of one practical unit of quantity (i coulomb) through the electro¬ 
lyte. Faraday’s Second Law of Electrolysis states that the electrochemical 
equivalent of a substance is proportional to its chemical equivalent. Thus, if 
the electrochemical equivalent of owe element is carefully determined once 
and for all, the electrochemical equivalents of all the other elements (and 
atom-grflups) can easily be calculated from their valencies and the known 
atomic weights of the elements. If the electrochemical equivalent of a 
substance is known, we have a means of measuring a current by deter¬ 
mining the amount of that substance liberated in a given time, and 
dividing this by the product: time x electrochemical equivalent. 

The most suitable electrolytes for this purpose are jilver nitrate 
(AgNO,) and copper sulphate (CuSOJ.' The former may be used for 
the measurement of small, and the latter of large currents. An arrange¬ 
ment which enables a current to be measured by means of its chemical 
eflect is termed a voltameter. , 

This will be referred to again later, in dealing with the calibration of 
jmmeters. 

The determination of the electrochemical equivalent of^an element is 
me of the most, important ipeasurements in physics, since it presides a 

^ Tliit ODly lake) plan Srhen tbe diSerence of poteotitl between the eleetrodes exceeds a certaiiv 
mount, * . 

* It thould CArefuIIy be ndtetl that an ioo is an atom Kroup carrying an eitciric charge. 

•The word “substance“.mmi hi*- • g “an element eratom gnttp”. 
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cheap and comparatively simple method of determining currents in- 
absolute measure. 

Hence this determination has formed the subject of numerous researches, 
one of the most important of which is that carried out by Lord Rayleigh 
and Mrs. Sidgwick, who, using an absolute current balance, determined the 
electrochemical equivalent of silver. The value arrived at by them was 
about .001118 gramme per coulomb (or .01 n8 gramme per absolute unit 
of quantity). 

The practical applications of the chemical effect of an electric current 
• !ge very important commercially. Electrolysis is largely employed in 
the refining of metals, more especially copper. Electrolytically deposited 
copper is (jemarkableVor its purity and high conductivity. Electroplating, 
«lectrogildjng, and the production of electrotype plates are also important 
applications. 

Definition of C.G.S. Unit of Current—The mag¬ 
nitude of a current is taken to be proportional to the 
magnetic force which it produces. Thus, if a certain 
current flowing in a given coil produces a definite mag¬ 
netic force at a given point, and if we increase the current 
until the magnetic force at the same point is doubted, 
we agree to say that the current in the second case is 
twice as great as in the first. 

The C.G.S. or “absolute” unit of current is arrived 
at as follows: Imagine a circular conductor, of i cm. 
radius,*as shown in fig. 6, to be conveying a current 
whose magnitude may be varied at will, and let a unit 
north pole be placed at the centre of the circular con¬ 
ductor. The force acting on this pole will, by a simple 
application of the right-handed-screw rule, be from right 
to left, as shown in the sketch. Let us now suppose that the magnitude 
of the current is adjusted until the force acting on the unit pole Incomes 
equal to 2X dynes.' The current is then said to be a unit C.G.S. current. 
We thus have the following definition;— 

The absolute unit of current is a current which, flowing round a circular 
conductor of i cm. radius, produces a magnetic force of 2 t dynes at the centre 
of the circle. 

At first sight it might appear as if a more convenient constant than 
2ir—say unity—were preferable. 

The reason for choosing 2% is that (since the total length of the 
conductor is 2 t cms.) the magnetic force at the centre, corresponding to 
I cm. of the conductor, is equal to i dyne. 

The definition of the C.G.S. unit of quantity follows at once from the 
definition of tjie C.G.S. unit of current. The C.G.S. unit of quantity is :; 
defined.to be that quantity of electricity whifh has passed round a circuit : 
whqn otie C.G.S. unit of aerrent has been flowing in the circuit for 
second. 

* Tbe force is supposed to be that due steely to the ctyrent in the efrcuUir conductor; tht eailb'l 
wy otbi^roft^etic heids. being supposed to be eiUier oon-exiMenl tr suiubly compensated. < * 



Fig. 6 
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i Practical R^ation of the C,G.& UMt of Curreht-^The arrai^^ 
inent described in connection with the definition of the unit of current) 
not one which could be conveniently employed for the experimental deter 
mination of currents in absolute measure. For this purpose’severa 
methods may be employed, and these are diagrammatically represented ir 
fig. 7. At (a) we have a standard galvanometer, consisting of two fixec 
coils, Cj and C,, placed parallel to one another and at a distance apart 
equal to their mean radius; between them is & suspended or pivoted 
magnetic needle. If the dimensions of the coils and number of turns in 
them are known, the value of the current in absolute measure may ^ 
calculated from the observed deflection of the needle, provided the value 
of the horizontal component of the earth’s field is Jcnown; this Matter abso¬ 
lute measurement must thus precede the current measurement • At (i) w 4 
have a standard electrodynamometer-, this differs from {a) in having a 




small suspended coil, c,,, instead ot a needle. At (c) is shown the most 
satisfactory method for the absolute .measurement of current The 
instrument, known as a current balance, consists of two fixed horizontal' 
coils, Cj and Cj, and a smaller movable coil. Cm, which is suspended from 
the beam of a balance. The three coils are connected in series, and the 
directions of the currents are indicated by arrows. A laborious mathe¬ 
matical calculation enables the pull exert^ by the fixed on the movable 
coil to be determined in terms of the current and constants of the coils 
(their dimensions and number of turns); and if this pull be experimentally 
founds by ordinary weighing, we have a means of finding the current. 

Instruments such as those briefly described above are expensive to 
construct and require a considerable amount of care and skilf in their 
use. They form the ultimate or primary standards which have enabled 
us to realize experimentally the theoretically defined absolute unit of. 
current. • 

Definition of •<he Practical Unit of Current—For practical purposes 
it is found more cApvenient to adopt a unit of current smaller than the 
CG.S. unit • This unit is called the ampere, and has the-value to"* 
terw of the CG.S. unit It giay be represented with suflficient'accura^;' 
practical purposes by that unvarying current which. Vhen 
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trough a idation of sflver nitrate under certain specified conditiptis, 

• debits silver at the rate of o.ooni 8 gramme per second. 

' Force exerted on a Current-carrying Conductor lying in a Mag¬ 
netic Field.—Let us consider the special case taken as a basis for the 
definition of the C.G.S. unit of current The force acting on the unit pole 
and the circular conductor is a mutual one. The current-carrying con¬ 
ductor tends to move in one direction, while the unit pole tends to move 
in the opposite direction. The only effect of the unit pole is to produce 
a magnetic field which at any point in the conductor is at right angles 

the tangent at that point. Also, since every point in the conductor 
is at unit distance (i cm.) from the unit pole, the field-strength (due to the 
pole) is uiyty at every point in the conductor. The total force acting 
on the conductor is 2 t dynes, 
and, since the total length of the 
conductor is 2 x cms., it follows 
that the force per cm. of the 
conductor is i dyne. The direc¬ 
tion of the force is perpendicular 
both to the conductor and to 
{he magnetic field. 

Clearly, since this force is 
solely due to the presence of 
the unit pole, or rather to the 
presence of a magnetic field of 
unit strength and everywhere 
perpendicular to the conductor, 
the force will not be in any (<) (*). 

way altered if the conductor is Fig. s 

straightened out (as in fig. ib) ' 

and placed in a magnetic field of unit strength which is everywhye ptef- 
pendicular to the conductor. VVe thus arrive at the following important 
result:— 

A conductor one centimetre long and carrying a unit current, when placed 
in a magnetic field of one line per square centimetre, which is everywhere^ 
perpendicular to the conductor, experiences a force of one dyne, which is 
in a direction at right angles both to the conductor and to the magnetie 
field. 

If the current be I C.G.S. units, the length of the conductor / ems„ and , 
the strength of field H C.G.S. units, then the force f acting on the con¬ 
ductor is H/I dynes. 

The direction of the force may be readily determined from a considera¬ 
tion of the shape of the lines of force surrounding the conductor. Fig. 9« 
represents the l^nes of force due to the current' alone. If the direction of 
the magnetic field is vertically downwards, the* fig. 9^ r^resents the form 
of thg resultant field surrounding the conductor. , 

Remembering the inherent properties of longitudinal tension and imend 

.' * 0 npnaiti * oirtent flowine amF fram Uie obierm. g (T) repreaead a cumat Sowtac idwaidt 
»;liia._ob«rNr. 
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compression of the lines of force, we see at once that they will tiwd to 
straighten themselves. 

In order to permit of this the conductor will require to move from 
right to left. The direction of the force acting on the conductor is thus 
from right to left. 

The lines of force shown in the accompanying diagram are not in 
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any way to be taken quantitatively. The diagram is merely intended to 
represent the general form of the field. 

Left-hand Rule.—A very convenient rule for determining the relation 
connecting the direction in which the conductor tends to move with the 
direction of the field and current has been given by Dr. Fleming) and is 
illustrated in fig. to. If the thuMb, the Forefinger, 
and the middle finger of the left hand be held so as 
to form a system of three mutually perpendicular 
lines, the forefinger pointing along the direction of 
the magnetic field, and the middle finger along that , 
of the current, then the thumb will indicate the direc¬ 
tion of the force acting on the conductor. 

Work done in increasing the Magfnetic Flux 
linked with an Electric Circuit—If a straight con¬ 
ductor of length I cms., carrying a current of I C.G.S. 
units, and lying in a magnetic field of strength H 
(so that its length is at right angles to the field) is 
moved parallel to itself through a distance D cms. 
rig, ,0 in a direction opposed to that of the force f acting 

on it, then a certain amount of work will bq ex¬ 
pended in moving the conductor. * 

Since / = H /1 dynes. 

Work done = H /1 D ergs. 

f 

Now D/ is the Vea of the rectangle swept out by the conductor during - 
the motion, hdd since H also represents the number of lines of magnetic 
force per $q. cm. of that are^, H/D is equal to the number 8f lines of 
force (or the mimetic flux) cut by the conductor. 
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Hotce, tht work dene is equal te the current multiplied h the 
magnetic flux cut by the conductor. ■ .. , 

This result is quite general, and holds also for any electric oVwrf in 
which the linkers oi lines of magnetic force with the circuit is increastd, 
whether by increasing the strength of the field, by mechanical dUplacement 
of the circuit, or by enlargement of the circuit. 

The effect is also reversible: that is to say, if the flux linkages are 
decreased instead of increased, there will be a gain instead of an ex¬ 
penditure of energy. 


CHAPTER HI 

FUNDAMENTAL M.M.F. AND E.M.F. THEOREMS 

Fundamental M.M.F Theorem.—The following theorem is of great 
importance, inasmuch as it supplies the ultimate basis for the various 
tnagnetic-circuit calculations which constantly occur in 
the design of electrical apparatus. , 

Let us take the case of a simple circuit, such as ABC 
(fig. n), carrying a current of I C.G.S. units, and con¬ 
sider any closed curve D E F, which is so chosen as to 
\Xiflnked with the electric circuit. 

Let a unit magnetic pole be carried round the closed 
curve. By the definition of M.M.F. the work done in 
carrying the unit pole round DEF gives the M.M.F. 
round that curve. Now, as the pole is carried round 
the curve, every magnetic line due to the pole will cut 
the circuit, and the total number of lines cut will be 
equal to that due to the unit pole, i.e. to 4 w. But in 
order to make the circuit cut 4 t lines an expenditure of energy is required 
of amount 4^!. Hence the M.M.F. round the clo.sed curve is equal to 
4 TT I.* 

The result obtained, it will be observed, is quite independent of the 
shape of the curve, since the reasoning employed does not involve a con¬ 
sideration of the shape. The essential point is the linkage of the closed 
curve with the circuit; for if we consider a closed curve, such as G H K, 
which is not linked with the circuit, then although, in carrying a unit pole 
rounS it, the lines of force cut the circuit in a certain direction during part 
of the journey, they cut it (or sweep across it) in the opposite direction 
during the remainder of the journey. Thus, if the first part of the journey 
involves an expenditure of energy, the second corresponds to a gain of 
energy, the total gain or loss of energy becoming zerd,*i.e. the MiM.?. 
rounti the closed curve vanishing. ' 

• • 

>The al^braical sign of the M.M.F. is deiemiined bjr the direction tellowed In going nmnd the ' 
enr^u podtiee ggn being taken if the M.M.F. cortespollds to e/oi'n of energy, end a n^pitis* , 
*1*11 If tt coitespoods to an txfdndiiutt of energy. « * 
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If fnttesd of a simple dreiilt we amsider a coil of S turns ebnveyii^ 
a ciirrent I, and determine the M.M.F. round any closed curve which is 
linked with turn' of the coil, such as the curve klm in fig. la; 

then since the work done in carrying a 
unit pole round a single turn of the coil 
is 47rl, and since the coil consists of S 
turns, the total work done in going round 
K L M is 4 TIS. 

The expression IS still denotes the 
total flow of current through the closed* 
curve (or total curret\.t linked with it). The 
relation established i» a perfecity general 
one, and may be briefly put thus:-.- 
TAe M.M.F. round any closed curve is 
equal to 4. ir- times the total current linked 
with it. 

In practical calculations, although the 
M.M.F. is expressed in C.G.S. units, the current is invariably taken in 
practical units (amperes). Since the ampere is equal to lO"' C.G.S. units,,' 

M.M.F. (in C.G.S. units) “ X 

= I.2S7X. 

Conversely X <= M.M.F. 

1.257 

= 0.8 M.M.F. (approx.). 

Where X is the product of the number of turns and the current 
in amperes, and is known, as the ampere-turns of the coil. 
Applications of M.M.F. Theorem.—The solutions of 
• the following problems are arrived at directly from the pre¬ 
ceding theorem and serve to illustrate its wide applicability. 

, I. To find the m^netic field strength at any point out¬ 

side a long straight conductor carrying a current of I C.G.S. 
units. 

In fi^. 13, let A B be the conductor, and p the point at 
which the field strength is required. Imagine a circle to be 
drawn through P with its centre on the axis of the conductor 
and its plane perpendicular to it. The lines of magnetic 
force due to the current are concentric circles having their 
centres on the axis of the conductor, and consequently the 
field-strength at every point on the circle through P is the 
rif. I] same. 

,I,4t H equal this field-strength, and let 'a unit pole be 
(Uuried once round.this circle. The force acting on the unit pole is H. 

Hence, work done «• H x 2 r r, 

i:Whe(e r is the distance of P from the axis of the conductor. 
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• ' ’..V-’ •■.•!?• :'*-'V' .'V' •'•■ ■ • ■ s 

From the (iefinitioh of M.M.F, , 


M.M.F. ■■ *ork done ■■ 2 ir^ H. 
But by the M.M.F. theorem 

M.M.F. = 4 ^ 1 . 

The two expressions for the M.M.F. must be equal. 

2 irrVL =« 4 T I, 
andH = 5 J. 




. From the above equation we see that the field-strength at any point 
varies directly as the current, and inversely as the distance of the point 
from the conductor. 


Since a unit pole placed in a unit field 
experiences a unit force, the magnetic force 
2 I 

at P is equal to . 

* 2. To find the magnetic field-strength 

at any point inside a coil wound in the 
form of an anchor-ring. 

In fig. 14, let P be the point at which it 
Is required to determine the field-strength. 
Imagine a circle to be drawn through p 
with its centre on the axis of the ring and 
its plane pcr^iendicular to it. As before, 
the field-strength is the same at every 
point on this circle. In carrying a unit 



pole once round this circle 2 x r H ergs of work will be done, where r is 
the radius of the circle. 


Hence M.M.F. = 2 7rrH. 
Also M.M.F. = 4xSI. 

H - iii. 
r 


. The field-strength is thus not constant over the cross-section of the 
ring, but diminishes as the distance from the centre of the ring increases. 

In the case of a ring of large diameter in comparison with the diameter 
of its cross-section the field-strength may be taken as uniform over the 
cross-section without introducing any serious error. 

3. To find the magnetic field-strength at any point well inside a straight 
coil of which the length is great compared with its diamqjter. 

Such^ a coil or solenoid may be consider^ as part of an anchor-ring; 
coil of infinite radius. From the result already obtained for the anchor- '! 
ring coil * ’ 

H =* ^ 

2Tr ■ 
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This may be written in the form 


H = 4ir I 


2’itr 


Now — is the number of turns S, per unit length of the solenoid. 
2 rr 

Or H = 4 tS.I. 


So long, therefore, as S, is constant, H is independent of the value 
of r. We may now suppose r to increase indefinitely; then any finite 
portion of the ring, of length great in comparison with the cross-sectiog, 
may be regarded as approximately straight, forming solenoid. If—which 
is permissible in the case of a very long solenoid—we neglect* the effect 
of the distant portions of the anchor-ring, we may suppose these to be 
removed without materially affecting the intensity inside the solenoid 
at points not neat the ends. We thus get H = 4 ir Sj 1 , approximately, 
for points well inside the solenoid. 

If, in the last problem, the current be measured in amperes, we see 
that H = 1.257 times the ampere-turns per cm. length of the solenoid. 

Electric Force.—It will be convenient at this point to introduce a, 
conception regarding electricity analogous to the conception of a unit 
magnetic pole, which we have already made use of in dealing with 
magnetic problems. 

This conception is that of a unit electric charge. Imagine a spherical 
conductor of indefinitely small dimensions. By suitable means allow 
I C.G.S. electromagnetic^ unit quantity of electricity to be conveyed’on 
to the conductor. 

The conductor now carries a unit charge which is positive or negative 
according as the current flowed towards or away from the conductor 
during charging. 

Sinas the dimensions of the conductor are indefinitely small, the unit 
charge may be considered to be concentrated at a point. 

If such a unit point-charge be brought into the neighbourhood of any 
ofher charged conductors, it will experience a definite force acting in a 
definite direction, and this force (measured in dynes) gives the value of the 
electric force at the point where the unit charge is placed. Any region 
throughout which electric intensity is exerted is spoken of .as an electric 
field. 

Definition of E.M.F. and P.D.—The definitions of electromotive force 
or E.M.F. and of difference of electric potential or P.D., are analogous to 
the definitions of M.M.l'. and difference of magnetic potenttjil, and are 
arrived at in a similar way. 

Consider any two points A and B, as in fig. 2, lying in an electric field, 
and imagine the.se points to be connected by any clo.sed curve A C B D. 
Let a unit charge be placecf at A and carried round the curve AOBD until 

A is again reached.*. In moving the unit charge from one point to a neigh- 

• • 

^ It must be understood thnt the electromagnetic system of units is being used throughout. We are 
not here ccmcerned with the electrostatic system, and to prevent confusiem aX\ motion of this system 
has been avoid«t. * ^ . 
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bouring one-a certain amount of work will be done on or by the unit 
charge. ; • 

The total work done in transferring the unit charge from A to B ls‘ 
defined to be the difference of electric potential or P.D. between A and B. 
If the unit charge is a positive one, and work is done by it in moving from 
A to 6, B is said to be at a higher potential than a. Conversely, if work 
is done on the unit charge, B is .said to be at a lower potential than A. 

The electromotive force, or E.M.F., round the curve is defined to be 
the work done in carrying a unit charge once round the curve. In this 
• <yse the E.M.F. is clearly zero, since when the unit charge has returned to 
A the conditions are exactly as they were when the unit charge started 
from A, and there has been neither a gain nor an expenditure of energy. 

. In the .case of a closed electric circuit in which an E.M.F. is being 
generated, the work done in carrying a unit charge once round the circuit 
i.s not zero, but is equal to the E.M.F. generated in the circuit. 

The terms E.M.F. and P.D. are frequently u.sed loosely as equivalent 
expressions, but they should at all times be sharply distinguished. If the 
definitions are borne in mind there is no possibility of confusion arising. 

Definition of the C.G.S. Unit of P.D.—In 1831 Faraday discovered 
that if a conductor be moved in a magnetic field in such a way as to cut 
the lines of force, a P.D. is produced between the ends of the conductor, 
the magnitude of the P.D. de[jending directly on the rate at which the lines 
of force are cut. 

The C.G.S. unit of P.D. is defined on this basis as being equal to the 
P.D. produced in a conductor which is cutting lines of magnetic force at a 
uniform rate of one line per sec. 

This unit is such that if a unit charge (electromagnetic) be carried from 
one end of the conductor to the other, i unit of work is done, so that 
alternatively the C.G.S. unit of P.D. might be defined as the P.D. existing 
between two points when i erg of work is done in transferring i C.G.S 
unit quantity from the one point to the other. 

The C.G.S. unit of E.M.F. is equal to the CG.S. unit of P.D., and is 
similarly defined. 

Practical Realization of the C.G.S. Unit of P.D.—No direct means 
exists for the practical realization of the C.G.S. electromagnetic unit of 
P.D. The units of current and resistance can be so realized, and conse* 
quently the unit of P.D. can, as will be seen later, be realized as the 
product of these units. The following indirect method’ has been em¬ 
ployed. It involves the measurement of a magnetic moment* 

Let a permanent magnet of known magnetic moment be mounted 
inside a solenoid so as to be capable of rotation about an axis passing' 
through its middle point and perpendicular to the axis of the solenoid 
and that of thctmagnet If the magnet be rotated, its lines will cut the 
various turns of the solenoid, inducing in the ^atter an alldrnating E.M.F. 

' • . • 

*Thii method was employed by C. Limb (Journal dt Pkyt., pp. 61-70, i8^)'‘to determine in ^ 
ibsolute meas^ tbe B.M.F.S of a Clark and a standard Daniell cell. ^ 

*The delerroination of tbe maji^ietic moment of a magnet* a easily carri^ out by a me}bod due to 
3nassitbe boruontfl inteosiiy of the eanb's field bein^ determioed et the sanft time. 
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(iA one whose direction is periodically reversed). For a ceiteJh of 

the .rotating magnet, the rate at which its lines cut the solenoid beeoiti^ 
•a maximum. This maximum rate of cutting, or maximum E.M.R, n^ i 
be calculated from the known moment of the magnet, its speed of rotation, , 
and the size and shape of, and number of turns in, the solenoid. V 

Such a standard of E.M.F. would not, however, be very convenient, 
and in practice the standards of E.M.F. take the form of primary cells 
whose E.M.F. at a given temperature may be relied on to have a definitt 
value which does not change in the course of time. The E.M.F. of such 
a constant or standard cell may be compared, by suitable experiment|l 
arrangements, with the maximum value of the alterriating E.M.F. inducM 
in the solenoid by the rotating magnet, and thus the value of ^e E.M.F. 
of the cell may be obtained in absolute units. • . 

Practical Unit of P.D.—The C.G.S. unit of P.D. is too small to be 
convenient for practical use, and the volt, having a value of lo® in terms 
of the C.G.S. unit, has been adopted. 

The volt is represented with sufficient accuracy for practical purposes 

by —of the E.M.F. of a standard Weston cell at a temperature 
^ 1.0184 

of 20* C. j 

Formerly the Clark cell was specified, and the volt was taken as 
of the E.M.F. of this cell at a temperature of 15° C. 

Fundamental E.M.F. Theorem.—When the number of lines of 
magnetic force linked with an electric circuit is changed, an E.M.F, is 
induced in the circuit. • 

This RM.F. lasts only so long as the number of lines is varying, and 
disappears as soon as that number becomes constant. Imagine that int6 
a closed circuit which originally contains no E.M.F. there are introduced 
N lines during / secs,, and that the average current I is due to an average 
inducec^E.M.F. of amount E. The’mechanical energy expended in intro¬ 
ducing N lines into a circuit in which the current is I is given by N I (see 
Chapter II). But since the introduction of the N lines has taken t secs., 

• NI 

the average power is This power is transformed into electrical power, 

and must be equivalent to this latter. 

As will be seen in the next paragraph, the electrical power is given 
by the product El. 

Hence EI = 5 ^, 


or E = j. 


In other words, the E.M.F. induced in a circuit by variations in the 
number of magnetic lines pessing through the circuit is 'equal to, the rate 
at which the number of lines is changing. , 

» In cases, where Ihe change in the number of lines is produced by the: 
displacement of a circuit in a magnetic field in such a manne# that one 
of the conductors forming th% circuit is made to cut the magnetic Jip^,'I 
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(%|i|fe ti« ffldtion-^if any—of the refflaJitder of the. circuit does o^ rNtiti 
in any cutting of lines, the rate at which the number of lines is diah^mt 
is e<iual to that at which the tuHvt conductor is cutting lines. We maj 
then regard the active conductor as being the seat of an E.M.F., and sai 
that the E.M.F. induced in the conductor is equal to the rate at whici 
it is cutting lines. 

Lena’s Law. —The direction of the E.M.F. induced by a change in th, 
magnetic flux linked with a circuit is always such as to tend to oppose tki 
change. 

• • Thus, if the change consists in an increase of the magnetic flux linkages 
the E.M.F. will be in such a direction as to produce a current (if the circuit 
is closed) trhich gives a magnetic flux in the opposite direction to the origincu 
Hux, thus tending to prevent the increase in flux linkages. 

This law provides us with a simple means of predetermining the 
direction of the induced E.M.F. in a coil or solenoid when the flux 
linkages with it are changed. In the case of a dynamo it is simpler to 
consider each conductor separately, and not the circuit of which it forms 
part. 

. Right-hand Rule.—The direction of the induced E.M.F. is then very 
simply determined with the aid of Dr. E'leming’s Right-hand Rule, which 
applies to the case of a conductor moving parallel to itself and cutting a 
magnetic flux at right angles. 

This rule corresponds to that already explained in Chapter II in 
connection with the direction in which a conductor conveying a current 
tends to move across a field. In the present case, however, the right 
hand is used, the forefinger pointing along the field, and the thumb along 
the direction of motion; the middle finger (which is at right angles to the 
other two) then gives the direction of the induced E.M.F. 

Activity or Power in an Electric Circuit.—Let a current of I C.G.S. 
units flow in a circuit, and let A and 1) be any two points in th^ circuit, 
between which there is a P.D. of V, C.G.S. units. In accordance with the 
definition of unit electric quantity, we may say that I units of quantity 
are transferred in every second from A to B. But by the definition of 
P.D., the transference of each unit from A to B involves the expenditure 
of V ergs of work. Thus the total work per second, or the power, In 
the part of the circuit lying between the points A and B, is VI ergs per 
second. We therefore see that 

Activity or Power =» P.D. X current 

If, instead of considering a portion of the circuit, we consider the 
entire closed circuit, then the work done on every unit in carrying, it. 
completely routtd the circuit gives us the E.M.F., whieji_ we shall denote 
by jE. Hence the power in the entire circuit is E I. ” 

If the P.D. be expressed in volts, and the currept in amperes, then the 
product P.D. X current will give us the power in volt-amperes dr watts. 

( T^ H^tt (the practical unit of power) has alreadj' been defined as 4 
iatd ftf workii^i of ib' ergs per sec. This is in agreenfent with the result 
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ju»t obtained, for I ampere ■ I0"‘ C.G.S. unit and I vdt lO* C.G R 

unitsfi 

Hence J watt = lo* x ip-‘ C.G.S. units 
= id ergs per sec. 

Other Units of Power.—The unit of power in the British system is 
the horse-power, and is in such common use that it may be advisable 
here to give its relation to the metric unit 

I H.P. = 550 ft-lbs. per sec.; 

and since i ft.-lb. = 1.356 x 10’ ergs, 

‘ I H.P. = 550 X 1.356 X 10^ ergs per sac. 

= 746 X 10’ ergs “per sec. . 

Or 1 H.P. = 746 watts. 

The watt is in many cases found to be an inconveniently small unit 
of power, and is then replaced by the kilowatt (usually written K.W.). 

I kilowatt = 1000 watts 
__ ICXX> pj p 

“ 740 
= 1.34 H.P. 

Unit of Energy.—The practical unit of work or energy is the joule, 
and is equal to 10’ ergs. P'or supply purposes a larger unit is employed 
called the Board of Trade unit (frequently “ unit ” simply), and is equal to 
7 kilowatt-hour or 1000 watt-hours. 


CHAPTER IV 

RESISTANCE AND ITS MEASUREMENT 


Definition .of Resistance.—Let an E.M.F. of value E exist in a closed 
electric circuit. If the resulting current flowing in the circuit has the value 

p 

I, then the resistance of the circuit is defined to be the ratio j; or, denoting 
the resistance by R, , * 

^-T 

The activity in the circuit is given by E 1 , or, since R = j, by IIR. 


This power is emploj ed entirely in producing heat in the circuit, since 
no other transformation of energy is supposed to be taking place.' Hence 
I*R is equal to'the rate afc which heat is being produced in the circuit 
From this we may alternatively define the resistance of a. circuit as Jieing 
that factor-which, multiplied by the current squared, gives the rate at 
which heat is being produced in the circuit. 

1 E*i$ assumed to be the only E.M.F. existing in the circuit. 


o 
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■ It is scanty necessary to point out that the resistance of a part ol 
a circuit, i.e. of a conductor, is similarly defined. Let V be the P.D. 

V ■ • 

existing between the ends of the conductor. The ratio j is defined to be 

the resistance of the conductor, where I is the current produced by the 
P.D, V. 

Ohm's Law.—Ohm’s Law is a statement of the relation betweei> the 
E.M.F. existing in a circuit, the current resulting from that R.M.F., and 
the resistance of the circuit; and expres,sed in the form of an equation is— 



Ohm’s Law does not state that the rcsi.stance is constant. Ohm never 
intended tliat his law should be limited to the case of circuits or conductors 
having a constant resistance. It is a well-known fact that the resistance of 
a conductor does vary from time to time. The resistance may vary with 
temperature, with the current detisity,' with the magnetic field in which the 
conductor is placed,® with mechanical stress, and with "ageing”. All 
these variations may, perhaps, be traced to a molecular change in the 
conductor. The resistance of most conductors, provirled the tenrperature 
is unchanged, does not vary appreciably even over considerable periods. 
This has led to the erronexrus reading of Ohm’s Law referred to above. 
Strictly speaking. Ohm’s L.iw simply st.ites that if at any instant R is the 
resistance of a circuit and E is the total li.M.F., then at that time, the 

cilrrent I is equal to I", 

K 

e.G.S. Unit of Resistance.—The C.G.S. unit of resistance is defined 
to be the resistance of a conductor in which C.G.S. unit current flows when 
C.G.S. unit P.D. exists between the ends of the conductor. 

Thi.s unit is based upon the definition of resistance, and is expressed 
in terms of the units of current and P.D. which have already been derived 
from the fundamental units of length, mass, and time. 

Practical Realization of the C.G.S. Unit of Resistance.—It has 
already been remarked that the C.G..S. unit of P.D. cannot be determined 
directly. A current, and as we shall .see, a resistance, may be measured in 
terms of the fundamental units; and the unit of P.D. may then be deter¬ 
mined in terms of the units of current and resistance. The determination 
of a resistance in absolute units is thus one of the most important 
physical measurements. The method® employed is as follows:— 

A copper disc is placed coaxially with a coil of wire, and is fitted with 
rubbing contacts near its centre and at the circumference. The resistance 
R whose value is to be determined is joined in circuit with the coil, aiUi a 
:urrent I is sept through them. This produces a fall of potential over the 
jnknow/i resistance of amount R I. The disc is now. rotated until its 
E.IH.F. is found to balance the fall of potential over /.he unknown resist- 

> An, for example, in the case of iron and of moist insulators. 

* The resistance of a bismuth conductor is aJiectcrl by ma^Betic fields. 

illfrhis method is due to LorenU. 



anc^ Now Ei the E.M.F. of the disc, is proportional to'the'current 
producing the field of the coil in which the disc is rotating, and to to' 
speed of rotation a>. Hence we may write E «* it a, where ^ is a con¬ 
stant whose value may be calculated from the dimensions and relative 
positions of the coil and disc. We thus get = RI, or R == iu 
when the speed has been so adjusted as to produce balance between 
E and R I. 

The resistance is thus measured in terms of a velocity, or, in otbet 
words, in terms of a length and a time. • 

The Practical Unit of Resistance.— The CG.S. unit of resistance is 
inconveniently small for practical purposes, and consequently a practical' 
unit called the ohm'and having the value to® in terms of the CG.S. unit, 
has been adopted. The ohm may be represented with.sufficient accuracy 
for practical purposes by the resistance ofifered to an unvarying electric 
current by a column of mercury, at the temperature of melting ice, having 
a mass of 14.4321 grammes, of constant cross-sectional area, and having a 
length of 106.3 centimetres. 

Standards of Resistance.—Standards of resistance for ordinary use 

_^__ usually consist of coils of 

j-- V, - 4 "- V, -S silk-covered wire specially 

j-> i - ->---i— wound so as to avoid in- 

Fi| 15 ductive effects. In order 

to obviate the use of very 
long or very thin wires it is necessary to choose a material having a high 
resistivity. The material should be such that temperature has practically 
no effect on its specific resistance. Certain alloys best satisfy these con¬ 
ditions. Platinoid and manganin are materials very frequently used, but 
they share with all solid conductors the disadvantage of a liability to slow 
molecular change which involves a change in resistance. 

This change is small enough to be negligible for all ordinary purposes, 
and such standards, owing to their compactoess and portability, are in 
universal use for testing purposes. Pure mercury having a definite mole¬ 
cular structure is not liable to a change of resistance with time, and has 
for this reason been laid down as the material for the standard in the 
official definition of the practical unit of resistance. 

Series and Parallel Arrangements of Resistances_Let two resis¬ 

tances, r, and r,, be connected end to end, or in series with each other, as 
in fig. IS, and let a current I be sent through them. Let V, V„ and 
V, stand respectively for the P.D.s across the two resistances, and across 
the first and second taken separately. Then from the definition of P.D. it 
follows that V =■ V, -t- V,; but by the definition of resistance, Vi'»«= I, 

and V, - I. Hence V = (r, r,) I, or ^ « r, -p r,. Again, by the 

definition of resistaftce, is tlSe total resistance of the two resistanoes con¬ 
nect^ in serje^ If'this be denoted by R, then we have R - r, -f 
Ia the total resistance is the sum of the two resistances. Similar i^asoOing 
trouM apply to any number of resistances joined in series, so th^it in gedjr^ 
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y of rtsistanas tontueUi 

; «A^ ether ts equal te the sum of the separate resistances. 

From this it follows that the resistance of a conductor of unifom 

, cross-section is_ 

to the length of the con- 

• doctor, and that the fall . t 

of potential over it when * 
conveying a given current ^ 

is also proportional to its 

I -ii. rig. ,6 

Vgngth. 

Consider next a number of conductors, whose resistances are r,, fj, 
rgi >4, plaped side by side, as in fig. i6, and connected between two 
pommon ppints A and B. Such an arrangement is called a parallel 
connection of conductors. If R = joint resistance of the system of 
conductors, V = ?.D. between a and B, and I = total current, then 

K = y. But if I], Ij, I„ I4 denote the currents in the various con¬ 
ductors, then I = I, + I, -f-15 + I4, and I, = Y; = Y; I, =. Y; I4 = 

Y, so that I - V (1 + 1 -i- -L -I- 1 \ whencl* 

r, 'r, rj r, rj 




1+1 

r. n 


+ 1 + 


The reasoning may be e.xtended to any number of conductors; hence the 
following general rule:— 

The joint resistance of a number of conductors connected in parallel is 
equal to tlu reciprocal of the sum of the reciprocals of the separate resist¬ 
ances. 

It follow-s, that in the special case of similar conductors having the 
same lengths and cross-sections and each of resistance “r”, the resultant 

resistance is equal to -. 

n • 

If "a” is the cross-section of each of the conductors, then the n con¬ 
ductors could be replaced by one conductor having a cross-section equal 
to na. 

.. It has already been seen that this conductor will have a resistance 
equal to Hence the resistance of a conductor varies inversely as its 

cross-section. . ' 

In practice, we very frequently have to deal with a parallel connection 
of two conductors. In such a case, one of them is said to form a shunt to/i' 
or to be shunted by, the other. Applying the rule given above, we easily' 
fijid that,in this special case the joint resistanae is equal*to the product of 
the tyo resistances, divided by their sum. 

The reciprocal of the resistance of a conductor or s^stemtof conductors 
is termed athe conductance, and in some problems it is .more convenient to 
etwii^or condectances than resistances. 
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Resistivity. —It has been seen from the above that as fir as the 
Slops are concerned, the resistance of a conductor is directly prop6iiibita| 
to its length and inversely proportional to its cross-section. Thfe other 
factors determining the resistance are the nature of the material and the 
molecular state of the material. 

Let / = length of the conductor, 

a = cross-section of the conductor, 
r = resistance of the conductor. 

Then r = o-. 

a 


Where p is a coefficient depending on the nature of the material and its 
molecular state. This coefficient is termed the resiifivity^ of thfe material, 
and may be defined as the resistance between opposite faces of "a unit cube 
of the material. The value of the resistivity of any given material is not 
constant. In tables of resistivity it is usual to give values of p for each 
well-marked molecular state of the material, e.g. in the case of copper 
values will be given for pure electrolytic copper, hard-drawn copper wire, 
&C. In addition the resistivity usually varies constantly with a change in 
teniperature of the material. Hence it becomes necessary in a table of 
resistivities to state the temperature to which the figures refer. Since the 
resistance between the faces of a centimetre cube of a metal is very small. 
It is usually more convenient to express the resistivity in millionths of 
an ohm, or microhms, per centimetre cube. 

The following table gives the resistivities and temperature coefficients 
of some of the commonly used metals and alloys. The values of ‘the 
resistivities are for a temperature of 0° C. unless otherwise stated:_ 


Name of Metal or Alloy. 

e 

Resistivity In 
Microhms 
per Centimetre 
Culie. 

Approximate 
Values of the 
Temperature 
Coelhcient. 

Approximate 
Resistance 
relatively to 
Copper. 

Aluminium (annealed) . 

• Copper (annealed). 

Copper (hard-drawn) . 

Iron (annealed) . 

Lead (pressed) . [ [ 

Mercury . ] 

Tantalum (hard-drawn) ... ,,, ’ " 

Tungsten (hard-drawn) ... 

2.886 

1.582 

1.620 

9.614 

19.42 

94.10 

16.5* 

55 

.00300 

.00388 

.00400 

.00463 

.00387 

.00072 

.0051’ 

1.825 

1.0 

1.02 

6.08 

12.6 

59 -S 

10.42 

3.92 

Constantan (copper-nickel alloy). 

German silvet (copper-nickel-zinc alloy) 

Manganin (84 Cu + 12 Mn + 4 Ni) 
Platinoid (copper-nickel-iinc alloy + i % 

tungsten).. 

Reostene (steel alloy) .!] 

44-3 

20.78 

42.0 

32-7 

76.7 

practically xero 
.00044 

practically zero 

.00021 

.OOIO^jt 

28.0 
.'312 
■5 26.0 

20.7 

44.5 


.P’'.'*™ «>niroonly used in place of resiaivity. 

b *'‘"o to • bmp 

temperatures between o* C. and 170- G The resistivityfu the tempera. 
tUreof tlw slowing hlamept in a tungsteii lamp U about ia.5 times that at 15*0. 
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< Temperature Coefficient—The cons^t *"a" is termol ttie 'MM- 
ftrfUun coefficient, and may be defined as being the change of residence 
per ohm at o° C. per d^ree centigrade change of temperaturck Thus let, 
■= resistance at o° C, r< «• resistance at f C. 

Then a = ^ 

r.t 

r, = r.(i +a/).(l) 


Now let the temperature be changed to C. Then 

rt = r,(l +at') .(2) 

Dividing (2) by (l) 

rf _ 1 + gf 
■ r, l + at' 


and, as a is small, r/ = r,{i + a(f - t)} approximately. 

As a general rule, a is positive for good conductors (metals), and 
negative for bad conductors (electrolytes and insulators). In the case of 
'certain metallic alloys, a is so small that within a certain range of tempera¬ 
ture the resistivity may be regarded as independent of temperature. 

Such alloys are particularly 
suitable for the construction of 
shunts and series resistances for 
measuring instruments which are 
required to be indei^endent of 
temperature changes. 

Measurement of Resistance. 

—The methods of resistance mea¬ 
surement areexceedingly numerous 
and varied. In the following para¬ 
graphs an outline of some of the 
more important methods will be 
given, and for convenience they will be divided into three classes as 
follows;— 

Methods suitable for measuring (a) resistances of moderate value, (6) 
very low resistances, (c) very high resistances. 

Resistances of Moderate Value: The Wheatstone Bridj^.—For 
the measurement of moderately high resistances, the most satisfactory 
method is that known as the Wheatstone’s Bridge. The usual diagram¬ 
matic way of representing this arrangement is shown in fig. 17, where ■ 
r,, r„ and r are three resistances having known values, and jr is the Uh- 
known resistance. A battery and key is connected between A and D, and , 
a gaJ,vaaometer and key between U and C. In carryin|’dut the meast|re- 
meiU, r is varied until the galvanometer shows no deflection when both ■ 
battery and galvanometer keys are closed. Balanced them-said to have ' 
been obtained, and there is no P.D. between B and a In order that this 
condition mi^' be satisfied, it is obvious tlat the fall of potential from: * 


B 






A to B must equal that from A to c, and the fall from B to 0 that from 
C to;D. These conditions are expressed by the equations 

r-jl, = r-jl, ' 
rli = xip 

where I„ I, stand for the currents along ABD and ACD respMtively. 
Dividing the first equation by the second, we get for the condition of 
balance 


which gives us x in terms of the known resistances. In order to avoid 
spurious and misleading deflections of the galvanonfeter, Mr battery key is, 
always pressed before the galvanometer key, and released after. 

There are numerous forms 
of the Wheatstone Bridge, 
such as the Post Office Box, 
the Slide Metre Bridge, &c., 
but since the principle is the^ 
same for all it will suffice to 
mention their outstanding 
features. In the Post Office 
type the resistances consist of 
coils of platinum silver, Ger¬ 
man silver, platinoid, or m«n- 
ganin silk-covered wire wound 
on bobbins of boxwood and 
thickly coated with paraffin- 
wax. These bobbins are attached to the lower surface of a horizontal slab 
of ebonite, which is polished on its upper surface, and the ends of the coils 
are connected to a set of heavy brass contact blocks arranged on the upper 
■ surface of the ebonite. Neighbouring contact blocks may be connected 
•by means of a plug, whereby the coil between them is short-circuited. 
It is a matter of the highest importance to have the plugs thoroughly 
j clean and fitting well into the conical spaces intended to receive them. 

The “ratio” resistances r, and rj in the Metre Bridge consist of a 
uniform stretched wire i metre in length, &nd b is a sliding contact. A 
balance is obtained by varying the position of this contact. Since the 
" wire is .uniform, 1 ^ the length of wire between a and B, and the length 
of wire between B and b, will be proportional to r-j and r^ respectively. 
. Hence " 



Fig. i8 


when a balance’ lias been obtained. 

Very Low Resistances: Drop of Potential Methods.—The following -j 
fspractical mdtUod, which is in constant use in workshops for the deterT ■ 
|:,.ngiination of the resistance of, armatures, series field coils, and ^ther Ipwt > 
l^l^jstances, may very conveniently be employed where a mdberate dii>tw‘ «■' 

■ - 






^'ieainxy'is\riqwri^' A current is passed thrdugl) Uie resistance R to 
be mesuurH (see fig. i8}, and the potential difference across the resistance 
(and the current flowing through it are measured by suitable instruments. 

Let I be the current in amperes and V the P.D. in volts, then 

' ' V 

R = y ohms. 

There are other drop of potential methods, in which the fall of potential 
over the unknown resistance is compared by means of a galvanometer with 
^at over a known low resist¬ 
ance connected in series with 
the resistasce to be measured. 

, . Kelvin. Double Bridge. 

—This is a modification of 
the Wheatstone Bridge, in 
which the error due to resist¬ 
ance at the contacts is elimin¬ 
ated. 

The general arrangement 
fs shown in fig. 19. 

B, battery. G, galvan¬ 
ometer. K, key. 

(7, c, and d, fixed resist- j 
ances large compared with 
resistance s of block connect¬ 
ing points q and m, 

R, variable standard low ‘ yij.,, 

resistance. ’ 

X, unknown low resistance to be measured. 

The ratio of resistance ^ is made as nearly as possible equal to ^ 

A balance is obtained by varying R. _ , 

Let I, 1 ,, Ij, Jp and I4 be the currents in the various branches, as indi¬ 
cated in fig. 19. Let 19, »«,, &c., be the potentials at the corresponding 
points /, TV, &C. At balance— 

» t'*, or Vp — v„ » - Vu 

Also, - V, ^ V, - Vn. 

= I.i R + Is**. 

!,</= i;x +1,^. 

. c I., R -f 1,(1 

•• 5 “ l^+T,T 

And if f = 

a I, R 

2 I, X + 1,2' 

lydX -f- Xpttb = Ij^R -H 

X *= R^ ^ 

a c 
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It may also be shown, that provided that the resistancd f of the copper 
connecting block is negligible compared with the resistances n and b, 

that X is equal to R ^ even if | is not absolutely equal to ^ 

This method is a very accurate one for the determination of a very 
low resistance, such as that of a length of trolley wire, heavy cable, or 
copper bar. 

Very High Resistances.—The substitution method in one form or 
another is that most commonly used for measuring very high resistances, 

such as the insulation resists 

•• ft 
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Fig. 30 


ance of electrical machinery, 
cables, &c. • 

A standard high resist* 
ance R and the resistance X 
to be determined are ar¬ 
ranged as shown in fig. 20, 
so that each may be con- 
I nected, in turn, in series with 
a galvanometer G and a 
battery B. 

The two-way switch S 
is first moved so that the 
standard resistance R is 
brought into circuit, and the deflection dy of the galvanometer is noted. 
The deflection of the galvanometer when the unknown resistance is* in 
circuit is next taken. The value of X is then readily calculable. 

E.M.F. in the circuit. 

galvanometer current when R is in circuit, 
galvanometer current when X is in circuit, 
battery resistance, 
galvanometer resistance. 

R + r + 

v;- - -7 = 


Let E 

L 

h 

g 

Then, I, 


I. = 


where k is a constant. 

From the above equations— 

+g±>>. 

d, R+£: X b 


andX = + 


Since X and -R are of vary high value, b may be at once neglefted, and 
if, as is usually the ca.se, the galvanometer resistance is low, g- may ^o be 
neglected. .TJie equation then reduces to the simple form 

•X - ^R. 

dm 
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It should he tioted that in carrying out any measurements of resistances 
of very high value it is imperative to have all the instruments, switches, 
and connecting wires thoroughly well insulated. 

Cable-makers' Test.—The test made on cables before they leave the 
works is a practical application of the above method. The cable to be 
tested is immersed 



brine, and the ends are 
brought out and b«ed. 

The cores are cot^Kted 
together, and the inSila- 
tion resistance between 
them and a metal plate 
immersed in the brine is 
measured. The appa¬ 
ratus is connected as 
shown in fig. 21. In 
order to avoid errors due 
to a leakage current flow¬ 
ing over the wet surface 
of the cable insulation, a 
Price’s Guard Wire is used. The guard wire is a thin copper wire wound 
tightly round the cable insulation a few inches below the bared ends, and 
connected to a point on the battery side of the galvanometer. The leakage 
current is thus prevented from passing through the galvanometer and aflect- 
ing*the deflection recorded when the insulation resistance is in circuit. 

Board of Trade „ 

T est for T ramways. 

—A .somewhat dif¬ 
ferent method is em¬ 
ployed in the daily 
Board of Trade in¬ 
sulation test made 
on tramway net¬ 
works. 

A high resist¬ 
ance voltmeter is 
connected first be¬ 
tween the positive 
bus-bar and earth, 

and then between the positive bus-bar and the station end of each feeder. 
The general arrangement of the apparatus is shown in fig.'22. 

Let Vj = voltmeter reading with switch on contact E. 

Vj •= voltmeter reading with switch on contact L. 

Vl = potential diflerence between’line and dbrfh. 
g = resistance of voltmeter. * 

= current flowing through voltmeter when 'switch is 01 



EARTH 

Fig. It 


TheiPVi. = V, - V, 
• ButVt»= I,X, 


[contact I 
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where X is the insulation resistance of the feeder, distributors, and ovft-S 


head wire combined. 




Silvertown Portable Testing Set.—This testing set, which is a good 
example of a class of apparatus suitable for measuring high as well as 
low and moderate resistances with a fair degree of accuracy, has a raT\gf 
from o.oi ohm upwards. 

The general appearance of the instrument is illustrated in dig. 23, and 

fig. 24 gives a di¬ 
gram of the connec¬ 
tions. For resistances’ 
up to 9900 ohms the 
VVheatstone’s Bridge 
method js used. The 
“ ratio arms ”, corre¬ 
sponding to r^ and 
of fig. 17, are repre¬ 
sented by the coils- 
marked 10, 100, and 
1000 in the lower 
part of the diagram 
of connections, fig. 24, - 
and the adjustable 
arm (r in fig. 17) is 
repre.sented by the 
two sets of coils 
marked “ tens ” and 
“ units ”. The coils 
in the ratio arms are 
Fi,..3.-s-,ivc,io«nTe«ings.t throwH uito circuit 

by taking out the 

corresponding plugs; but in the case of the adjustable arm, one plug is 
provided for each set of circular contact blocks, and the amount of resist¬ 
ance introduced is given by the number opposite the plug. If either pf 
these two plugs be withdrawn, a complete break results. The unknown 
resistance is connected to the two terminals marked “ bridge terminals ” in 
the diagram. The battery is connected to the two sockets marked “bridge” 
by means of flexible wires ending in plugs. No battery key is provided, 
the insertion or withdrawal of either battery plug when the other is in, 
making or brekMng the battery circuit. The key seen at the left«^and side 
is the galvanometer key. ^ 

If the i-esistance to be measured exceeds 9900 ohms, the direct-defleC- 
tion method is used in pl^e of the Wheatstone’s Bridge. The battery , 
plugs are transferred to the sockets marked “insuP”, and the endsacf the ; 
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unknown resistance are connected to the two upper terminals marked 
^ “insul*” and “earth". Two rwdings are now tak^n: one with a plug 
inserted into the hole marked “ insul” ”, which introduces the unknown 
i'resistance into circuit; the other with the plug in the hole marked “50,000 
ohms", this disconnects the unknown resistance and for it substitutes 
50,000 ohms. The galvanometer scale is marked so that the readings 
are proportional to the currents. It is in general necessary to shunt the 
galvanometer when taking the second reading, and it may further be neces- 



sary to reduce the E.M.F. by using a smaller number of cells in the testing 
batter)’. 

When using the instrument it must be levelled and set so that the 
pointer attached to the needle stands at zero; thi.s position is found by 
trial, the instrument being turned about a vertical axis. By means of the 
littlt permanent magnet let into the case of the instrument (clearly seen in 
fig. 23) and capable of rotation about a horizontal axis, the sensitiveness of 
the galvanometer may be varied. , •., 

A jJ&stable battery of “dry cells" for use with t^p's instrument is 
supplier! by the makers. , , , 

Kelvin Testing Set—This testing set, which is intendeJ for the accu¬ 
rate measurement of insulation, resistances, works on thh principle of the 
substitiftion metfiod. The galvanometer resistance is utiliz^ as a standard 

. * Voi L 
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high, resistance, and the need for a separate standard is thus done aw«i/ 
with! 

The general arrangement of the set is shown In fig. 25. 

The shunts S are provided so that the galvanometer deflection can be 

controlled to suit the circumstances of 
the test. Since the employment of a 
shunt reduces the resultant value of the 
galvanometer resistance, suitable com¬ 
pensating resistances CR are provided, 
so that the total resistance in the g^, 
vanometer circuit is the same, no matter 
which shunt is bein^^used. * 

If is the deflection oif the galvan¬ 
ometer when the switch is on E, and «j 
is the multiplying power of the shunt 
in use, then the current through the gal¬ 
vanometer 

= = ll. = E ..(^ 

”\ , 

Fij. as - Kelvin TeMiiij Set whcrc E is the E.M.F. of the battery. 

If rfj is the deflection on the galvan¬ 
ometer when the switch GS is on L, and n.^ is the multiplying power of 
the shunt then in use, then the current through the galvanometc 

“ = (fAk. 

where X is the insulation resistance being measured. 

Dividing {a) by {b )— 

* dx ^ X 

'' g ' "i 



Simplifying we have- 


X 


dx ft, 

~y^g - g 



.’. Source of prestute. ^cc, Cunent coil in series with estemal resistence. 
re, PrMUre con directly connected to pressure. H, Magnetised needle. 
X, KMtttxKcc under test. 


.. . . neeoie placed m a fieia 

Which IS the resultant of a constant field and a variable Eeld of &hstant 


Evershed’s Ohm- 
meter.—The idea of an 
instrument capable of 
giving the values of 
resistances directly in 
ohms was , originally 
suggested by Professors 
Ayrton and Perry. The 
genefal principle of ■ 
such an instMiment is ' 
illustrated in flgf. 26:—i- 
Imagine a magnetic 
needle olaced in a field 
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, airectioa Then as the variable field (of constant direction) assumes alt 
' possible values between a zero and a certain maximum value, the posi^on 
of the needle, which is always along the resultant field, will vary continu¬ 
ously between certain limits depending on the relative directions of the 
two fields. Since the direction of the resultant remains unaltered if both 
fields be altered in the same, ratio, the position of the needle will depend 
simply on the ratio of the two fields. 

Suppo.se, next, that one of the fields is produced by a coil of constant 
resistance connected to a source of K.M.F., while the other is produced by 
a coil joined in series with a variable resistance and connected to the samt 

Q. 



.source of K.M.F. As this variable resistance is indefinitely increased from 
a zero to a veiy large value, the (wsition of the needle steadily changes, 
and from what has been sairl above it follows that the value of the E.M.F. 
supplying both coils does not affect the position of the needle, which is 
determined solelj- by the value of the variable resistance. By using a set 
of known resistances the instrument may be “calibrated ” or made direct- 
reading, and on then substituting any unknown resistance the value of this 
latter may at once be read off. 

The great dpfect of such an instrument is the comparatively small 
degree of accuracy attainable, since the .scale extends froftl 'zero to infinity. 
Hen<S, although there is no reason why such an instrument should not be 
used for the approximate measurement of any range «f resistances, prac¬ 
tically it istonly employed in cases where a very high degree of accuracy is 
not r*}uited, wiz., for the measurement of very high or insulation resist- 
jtnees, such as that of the wiring in a building. An.instrument devised for 
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this .purpose by Mr. Evershed, and known as Evershed’s " Megger", is very 
lafgtly employed. 

The general appearance of the instrument is shown in fig. 27. The 
unknown high resistance is connected across the two terminals seen to the 
left, and marked “ line ” and “ earth ” respectively. The handle in front is 
for driving the small high-voltage generator which supplies the testing 
voltage. The generator and measuring instrument are combined in a 
.single case, measuring 6i x 6i x 12 inches. The entire “ Megger” weighs 
about 18 lb. The scale is fitted immediately below the top of the case, 
and is viewed through a plate-glass window provided with a suitable cover! 
The driving shaft is fitted with an automatic clutch, which begins to slip 
when a certain speed is reached. * * 

The in.strument is used as follows:—It is stood on a steady arid 



the driving handle is turned in a clockwise direction, the speed being 
gradually increased until the clutch is felt to slip. The value of the 
unknown high resistance is then read off on the scale. 

In the original “ohmmeter” devised by Ayrton and Perry, and .shown in 
fig. 26, two j^xet/ coils and a moving magnet or needle were provided The 
instrument was thus of the “needle” type. In Evershed’s Megger this 
arrangement is inverted, there being a powerful fixed magnet and two 
moving coils. The “Megger” thus belongs to the moving-coil type of 
instrument so largely represented nowadays by voltmeters and ammeters 
for continuous currents (see fig. 35). The general arrangement of the instru¬ 
ment IS shown in fig. 28. It will be noticed that the two permanent bar 
m^nets are fitted with pole-pieces at each end. The pole-pieces at the 
left-hand end provide the instrument field, while those at the right-hand 
end provide the-generator field. By making the same set'of magnets serve 
this double purpose, great economy of space is effected, and a ver^fcompact 
form of construction is secured. The two moving coils are rigidly attached 
to a common axle, which carries the pointer of the instrument) The coils 
make a certain angle with edch other. One of them, know® as the fftrrent 
cou, IS connected in series with the unknown resistance and the generator 
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a safety resfatance being also included In tfce circuit The other coil, known 
as the pressure coil, is connected in series with a very high resistance and 
^ross the generator terminals. The hollow, soft-iron cylindrical core placed 
TCtween the pole-pieces is slotted on one side as shown, so as to admit one 
half of the pressure coil. It is evident that, since this coil will tend to 
move so as to make its axis coincide with that of the field in which it is 
placed, it will take up the position shown in the figure when there is no 
cuircnt flowing through the current coil; this will happen when the external 
resistance is infinite, and the pointer will then stand at the “infinity” 



c c, OhumMcr cumiil coil. E, Eotlh termiial 

^CoEri platt MH, AnnuUr .ir-pp,. k, I,ot con,, i, Lin. ..mionL H>. KicU n, Pr..c„r. 

cwto. Q, Reusunce »i sene* wuh preMure coil*, n, Retwunce in tenet with current coil*. T, 1'eriniiialt 
ofc'^S'Sl. '•C-™-"«noi..l.lc»n.n.«dp™„,.coil.. ..T.,n.i..l 


division of the scale. If, however, the unknown resistance is not infinite, 
a current will pass through the current coil and this coil will be deflected’ 
(as in a moving-coil galvanometer, fig. 35) in a clockwise direction, the 
deflection being opposed by the couple acting on the pressure coil, which 
moves into a field of increasing intensity as the deflection increa.ses. 
The coil system is quite free to move under the action •of the resultant 
couple due to the two coils, there being no control, as the currents are 
led into the coils by means of extremely fine strips,, whose control is 
n^ligible. , 

Some furth^ details of the instrument are shown in* fig. 29. In order 
to prevent the instrument from being affected by external fields, the 



jS electric AND MAGNETIC 


pressure coil is made astatic* with respect to such fields by havtrrg a small 
Eternal compensating coil attached to it ori-one side, as shown in fig. 29. 

The number of turns in this compensating 
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Fig. 30.—*i)iBgram of Coniiectiona or J'Ivcr* 
ahed't Portable Magneto*Oenerator 


coil is so adjusted that the couple exerted 
on it by any uniform field is equal and 
opposite to the couple exerted by the same 
field on the main pressure coil. 

The connections of the generator are 
shown in fig. 30. Depending on the useful 
range of the instrument, the generator if 
con.structed to give voltages of 100,250, SCX), 
and 1000 at the speed ^A^hen slipping begins 
to take place. A high-testing* voltage iS 
essential, a.s a defect in the insulation under 
test may not be detected with a low-testing 
voltage. The armature of the generator 
consists of several independent coils spaced 
at equal angular distances from each other, 
and each coil is provided with a two-part 
commutator. The several commutators are 
then connected in series, as shown in fig. 30. 
The E.M.F. developed by such a generator 
is not absolutely steady, but fluctuates be¬ 
tween certain limits. Double - reduction 
toothed gearing is used for driving the 
generator, as shown ih fig. 29. The normal 
speed of the driving handle is 100 revolu¬ 
tions per minute. 

Instruments of this type are made having 
a useful range up to 2000 megohms. 


CHAPTER V 

AMMETERS AND VOLTMETERS 

An ammeter is an instrument which, by means of a pointer moving 
over a graduated scale, gives a continuous indication of the intensity of 
the current flowing in the circuit in which it is connected. , 

A voltmeter is an instrument which, in a similar way, gives a continuous 
indication of the P.D. between the two points to which it is connected. 

Ammeters and voltmeters in the great majority of cases do not differ 
in principle, and .indeed, by suitably modifying the resistance «an(| the 
method of cpnnec^ing the instrument to the circuit, it is possible (o use 
one and the same instrument as an ammeter or as a voltmeter. 

By far the greater number of ammeters and voltmeters "depend for 

A • 

' i.e.. constracted so as to be unaffected by any uniform field. 



fteif action bn the induction'of a magnetic iield by a current flouring 
through the instrument Another class make use of the expansioit and 
Contraction of a fine wire through which a current is passing. The 
piinciple of electrostatic attraction is utilized in what are called electro¬ 
static voltmeters. 

It is essential that both ammeters and voltmeters shall affect as little 
as possible the conditions existing in the circuit before their introductioa 

In fig. 31 a simple circuit is shown with an ammeter A, and voltmeter V, 
connect^ so as to measure respectively the current flowing in the circuit, 
and the P.D. between the points c and B. 

Clearly in order that the ammeter shall affect the current flowing in 
the circuit as little as possible, it must have as low a resistance as possible. 
On the other hand, the voltmeter must have as high a resistance as 
possible, in order that the total resistance of the circuit shall be changed 
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the essential characteristic of an ammeter is low resistance, and of a volt¬ 
meter high resistance. 

Variations in Range.—It is often convenient to be able to alter the 
range of an instrument. Thus an instrument which when used alone will 
measure up to ampere, may be required to measure, say, to, 50, or 
100 amperes. This change in range is easily obtained by using shunts 
of suitable values. Por example, in fig. 32 let the ammeter A have a 
resistance of g ohms, and let S equal the resistance of the shunt to be 
used with the ammeter. If I, is the current which, flowing in the 
ammeter alone, produces the full-scale deflection, and if V is the P.D. 
between the terminals of the ammeter, then I„ the current through the 
V 

shunt, will be .g. 

Also I = If + I., where I is the main current to be measured. 



Therefdte, knowing the resistance g of the ammeter, and the current 
neeessary tb produce full-scale deflection when the ammeter is used 
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without a shunt, the value S of the resistance of the shnnt which must 
be. used when the range of the instrument is to be increased to I amperes, 
can readily be calculated. 

Thus, in the case mentioned above, let us suppose that the resistance 
of the ammeter alone is i ohm, and that the resistance of the shunt 
increasing the range to lo amperes is required. 

S = — — X I = — ohm. 

10 - A 99 


The alteration in range of a vol^ 
meter (except electrostatic voltmeters) 
is obtained by connecting a high resist¬ 
ance in series with the instnument. 

For example, let g be the resistance 
of a voltmeter, and r the value of the 
resistance connected in series with it 
(see fig. 33). Let Vg be the P.D. between 
the galvanometer terminals which gives 
the full-scale deflection, and \g the cur¬ 
rent which then flows through the volt¬ 
meter. 

Then, if v, is the P.D. across the 
series resistance, and v the P.D. between A and B which it is required to 
measure— 

V, -b Vg 



Ht 33 


V = 


L 


Or r = 


f 


but since 


I = 

— - 




P'or example, suppo.se that the voltmeter has a resistance of i ohm, 
and that its maximum reading when used alone is tV volt. If this volt¬ 
meter is required to read up to ic» volts, the series resistance r to be 
added will be— 

r = . I.) — I ='999 ohms. 

' iV 


The instrument mentioned in these two examples can therefore be 
used— 

(rt) As an ammeter to read to lo amps. Shunt ^ ohm. 

(ji) As a voltmeter to read to lOO volts. Series resistance 999 ohms. 
Other ranges could be obtained by providing suitable shunts and series 
resistances. • •• » ^ 

It miiy be mehtioned that the use of a shunt with an ammeter'also 
removes the' serioftjs difficulty of providing a heavy winding in the 
ammeter itself whqn it is to^be used for large currents. * 

Some of the more familiar types of ammeters and voltiAeters wiM now 
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be described, and it must be understood that unless expressly stated the 
descriptions apply to both ammeters and voltmeters. ^ . 

Moving-iron Type.—This type of instrument, which from its low 
cost is widely used in cases where no great degree of accuracy is required, 
is manufactured in many different forms, all of which, however, depend for 
their action on the tendency of a piece of soft iron to move into the 
strongest part of a magnetic field in which it is placed. 

In one form the instrument consists of a circular coil within which a 
light piece of soft iron carrying the pointer is pivoted. The pivot is 
placed away from the centre of the coil, so that the soft iron moves in 
towards the axis of the coil when a current flows. 

The arrangement of the part.s is shown diagraminatically in fig. 34. 

. Control \yeights are placed on a small spindle attached to the soft iroa 
This provides the controlling couple. The deflecting force is proportional 
to the pole-strength of the soft iron and 
to the strength of the field produced by 
the current flowing in the coil, provided 
the soft iron is at some distance from 
the axis of the coil. For very small 
values of the current both are propor¬ 
tional to the current, and therefore the 
deflecting force is for a short range 
practically proportional to the square 
of the current. For this reason the 
beginning of the scale is very cramped. 

^s soon as the soft iron is saturated 
the deflecting force becomes practically 
proportional to the current itself, and the scale becomes open and more 
evenly divided. It is, therefore, very necessary that the soft iron should 
be as light as po.ssible and easily saturated. To this end the .soft iron is 
usually made in “ rake ” form. 

If the scale is continued so far that the soft iron nearly reaches the 
axis of the coil, it again becomes contracted. 

The direction of the deflection is independent of the direction of the 
current, and consequently this instrument may be used on both D.C. and 
A.C. circuits. 

Advantages and Disadvantages of the Movfng-iron Type,— 

1. Cost. —Low. 

2. Adaptability. —Suitable for both D.C, and A.C. circuits. 

3. Accuracy. —Moderate. 

(a) Ascending readings differ from descending readings, due to the 
hysteresis of the soft iron. 

(b) Readings«are affected by stray fields. 

(fj ^ramped scale at the lower, and also the upper end, if scale is 
continued so far. 

4. Operation. —Usually not dead-beat in their action.* * 

Moving^oil Type.—Instruments of this Jype are ie very general use, 

and may be enf{)loy^ where a considerable degree of acouracy is desired. 
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Tlie moving 




, v„i»' 


part consists of a coil of copper wire wound on a light 
- .. . metal frame the upper end 

of which carries the pointer. 

The coil moves in a 
narrow air-gap formed 
between the poles of a 
strong permanent magnet 
and a fi.ved soft-iron core. 
The controlling couple 
is supplied by a pair of 
light spiral springs, one 
above and one below the 
coil. 

The WestoH ammeter 
is a well-known example 
of this t>«pe of instrument, 
and a switch-board instru¬ 
ment, with the front cover 
removed,is shown in*fig.35. 

The coil and pole-pieces 
are shown ^n fig. 35«. 



35 *-^CoU of We>ton Amm«trr 
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The shunt which, for currents of moderate value, is included .in the 
cjBe of the instrument is shown separately in fig. 36. ; , 

When a current flows in the coil the conductors which arc parallel 
to the pole-faces e-xperience a force proportional to the strength of the 
magnetic field in which they lie, and to the current flowing in them. This 
provides the deflecting couple, and if the air-gap is uniform this deflecting 
couple is proportional to the current as long as the coil lies well under 

the pole-faces. 

'I'he scale of an instru¬ 
ment of this tyiie is therefore 
open and evenly divided. 




.t?'—I’t'ie-l’if' t'i. Retard 
v-ale insinimeni , 


The light metal frame carrying the coil forms a closed circuit, and the 
eddy currents prcxluced in this when the coil moves produce a powerful 
damping effect, thus rendering the instrument dead-beat in its action. 
A slotted plate is usually provided carrying a projecting arm to which 
one*end of the upper spiral spring is attached. Hy rotating this plate 
slightly the zero may be adjusted. 

An interesting modification of this type of instrument has recently 
been introduced by the Record F.lectrical 
Company. 

The essential difference is in the u.se 
of the horizontal and not the vertical 
conductors’of the coil as the active ones. 

The pole-pieces are specially sha|)cd 
(as shown in fig. 37), and the air-gaps are 
horizontal instead of vertical. 

The moving coil, ,sh<wn in fig. 38, 
swings round the ring-shaped pole-piece 
(shown to the right in fig. 37), and its 
motion is only limited by the neck of 
the pole-piece, an angular motion up to 300“ being thus obtained. 

It is unnecessary to point out the advantages of the increa.sed length • 
of scale. 

Another point which should be noted is that the air-gaps are in 
parajjel, thus giving a low magnetic reluctance, a strong field in the 
air-gjps, and less tendency towards weakening of the jjermanent 
magnets. • • 

A comftlete switch-board instrument with the case, removed is shown 
infig.?S 9 - * . 
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Advantages and Disadvantages of the Moving-coil Type— 

. J. Adaptabilily.—Hot suitable for A.C. circuits, since the direction of 
deflection defjends on the direction of the current. 

2. Accuracy .—Can be made very high. 

(a) Ascending and descending readings the same. 

{b) Not affected by stray fields. 

(c) The error due to the increase of 
resistance of the coil.with temperature is 
usually reduced to a minimum by the use 
of a resistance, of an alloy having a zero 
temperature coefficient, connected in series 
with the moving coil, 

(rf) An error may be gradually introduced 
by the weakening of the permanent magnet, 
rig. 35.-Kccard s»itch.b,»„i this is guarded against by using a magnet 

insinimew built Up of a number of hard-steel magnets. 

3. Operation .—Dead-beat. 

Electrodynamic Type.—This tyjie differs from the preceding in that 
the field in which the moving coil is placed is produced, not by a pier- 
manent magnet, but by a fixed coil connected in series with the moving 
coil. The details of construction are otherwise similar to those of the 
moving-coil type just described. 

The deflecting couple is proportional to the strength of field produced 

by the current flowing 
in the fixed coil, and 
to the strength of the 
current flowing in the 
moving coil. Since the 
same current flows in 
both coils the deflecting 
couple is proportional to 
the square of the cur¬ 
rent. The scale is con¬ 
sequently cramped at 
the beginning. 

The deflection is in 
^the same direction no 
matter in which direc- 
Kic. <0.-iioiwLre Ammeicr tion the Current flows, 

and therefore, the in¬ 
strument is .available for use on A.C. circuits. 

^ In fact, the majority of electrodynamic instruments are used on A.C. 
circuits, since thqy there tajje the place of moving-coil instruments which 
cannot be used for alternating currents. 

Advantages and Disadvantages of the Electrodynamic Type;— 
t. Suitable for both D.C. and A.C. circuits. 

2 . Accuracy .—Usually faiijy high. 

(a) Scale contracted at the beginning. 
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(^) Affected by stray fields. 

(c) Temperature error minimized as in moving-coil type. • • 

(d) Frequency error when used on A.C. circuits minimized by making 
the inductance of the coils very small in comparison with their resistance. 

3. Operation .—A dead-beat action is secured, usually by means of a 
light aluminium piston attached by a light arm to the lower end of the 
pointer, and moving 
in an air-chamber. 

Hot-wire Type. 

—Numerous forms of 
this type of instru¬ 
ment have been 
manufactured, but 
that most commonlj 
met with now is 
similar to that .shown 
in figs. 40, 41, and 4’. 

The current to be 

measured flows through the wire, heats it, and causes it to expand, and 
the amount of expansion serves as a measure of the current flowing. When 
the current is a very large one a shunt is used in parallel with the wire, 
so that only a small fraction of the total current flows through it. It is 
important to remember that the fracti<in of the total current flowing 
through the hot wire is not a constant quantity, unless both the shunt 
ancT wire heat up to the same temfjerature and are of the same material. 
In most cases the shunt is arranged to 
lx"come less heated than the wire, so 
that with the materials employed a 
smaller fraction of the total current 
flows through the wire foi large currents 
than for small. Such an instrument is 
therefore only accurate for the particular 
shunt for which it is calibrated. A hot¬ 
wire instrument cannot safely be shunted 
to decrea.se its sensibility, nor can the 
shunt be removed to increa.se its sensi¬ 
bility, and the instrument used for 
measurement unless a calibration is per¬ 
formed throughout the whole scale. 

One of the most popular instruments 
of this class is that made by Messrs. Johnson & Phillip.s, an instrument 
originally devi.sed by Messrs. Hartmann & Braun (fig. 40). In this a 
platinum-silver Wire A A is stretched between tvjp blocks T, T„ one of which 
is adjustable. To the centre of the platinum-silver wire if attached a much 
thinnty one BB of phosphor-bronze, which is fixed at jts other end to a 
terminal t; to the phosphor-bronze wire is attached a piece of cocoon 
fibre C, which is wrapped round a grooved netal roller K, to which the 
points is fixeS, the other end terminating in an eyelA attachment to a 
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flat steel spring s. When the current flows through the wire the sag i 
cteases, thus enabling the phosphor-bronze wire to become more deflecte 
The increased deflection of the latter is measured by the movement of tl 
thin cocoon fibre, which turns the pointer. The whole of the hot-wii 
movement is mounted on a compensation plate PP, whose coefficient i 
expansion is the same as that of the wire. 

The wire A A is divided into either two or four equal parts, arrange 
electrically in parallel with one another by means of .silver-foil connecting 
strips, the object being to divide up the current passing through th 
measuring-wire and thus to diminish its effective resistance (fig. 41 
With a two-segnient wire the current enters at the centre and leaves s 
the ends, as shown in the figure, while with a four-segment wire the currer 
enters at two points a quarter of its length from either enS, and leave 
at the centre and ends. By this arrangement 4 or 5 amperes may be passe 
through the wires with a drop of potential of less than ^ volt. A thi 
metal plate is fixed near the wire to protect it from any disturbance du 
to air draughts. The shunts used with these instruments when designe 
for measuring large currents are made of constantan, a substance which ha 
a negligible temperature coefficient, so that the indications of the instru 
ments are independent of temperature variation. 

The instrument comes to its proper reading somewhat slowly, owing t 
the time taken by the wire to attain a steady temperature; for many put 
poses this is rather an advantage, and in the measurement of steady alter 
natmg currents considerable accuracy can be attained. A damping dpvice 
IS attached to the spindle of the needle, consisting of an aluminium disc 
(see fig. 42) moving between the poles of a strong magnet, which is said 
to assist the working of the instrument; but as the motion of the needle 
Ixii* ordinary conditions the effect produced is not very great. 

When the current is suddenly switched off, however, the damping prevents 
the needle from swinging back too quickly, thus obviating any tendency 
of the pulley, to which the pointer is attached, to slip. 

. Advantages and Disadvantages of Hot-wire Type.— 

1. Adaptability.~S\i\ta.h\c for both D.C. and A.C. circuits. 

2. v 4 cc»>-rt 9 '.—Moderately high. 

(a) Subject to zero creep due to change in physical condition. 

{b) Not affected b>- stra)’ fields. 

3. Operation. . 


(а) Takes some time to give reading. 

(б) Difficult to repair. 

(f) Must be calibrated throughout their range with the shunt with 
which they are to be u.sed (ammeters only). 

Induction Type.—Instruments of this class can only be used for alttr- 
nattngeurreftis, but for conienience they are referred to in this chapter. The 
principle on which they work is exactly the same as that of the Induction 
lype Supply Meter, which will be found fully described in Chapter VI. 
The movement of the disc is controlled by light spiral springs. 

«-»>h^r<K.u«u 



The scale is open and extremely long, and the readings are usually 
fairly accurate, providtd the frequency of the circuit on which they* are 
’ used is constant at the value for which the instrument has been calibrated. 


Since the deflecting couple is dependent on the frequency of the current 
passing through the instrument, this type is unsuitable for measurements 
on varying frequencies. 

Electrostatic Voltmeters.—This is a very important class of volt¬ 
meters whose deflections are produced by the attraction exerted between 

bodies charged to different potentials. 



When used on D.C. circuits no cur¬ 
rent flows through the instrument, and 
when used on an A.C. circuit only an 
extremely small one. This current is 



Fig. 4j. -- Kelvin MutiiceUuiar VoUmeter 
with front removed 


hg;. 44. Kelvio Muliicelliitnr 
Voltmeter 


due to the condenser action of the instrument. In any case no power 
is absorbed. The accuracy of this type is usually very high, and instru¬ 
ments capable of measuring extremely high potential differences can be 
satisfactorily designed. 

The Kelvin Multicellular Voltmeter (shown in figs. 43 and 44) Is a 
well-known instrument for the measurement of low or medium potential 
differences. 

In this case*the moving part is a needlct made up.of a number of 
faoriaontal parallel triangular plates rigidly attached to a metallic rod 
and suspended by an iridio-platinum wire (a small qpach-sp/ing being 
interposed Jjetween the vanes and the needle to prevent the latter from 
■ being dam!^e(^ by vibration). The fixed part of the Instrument con.sists' 
' of two sets of cells, which attract into them the vanes of the needle. The 
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cells are also triangular in shape, and are made by inserting brass platM 
in saw-cuts in a brass back block, thus ensuring parallelism and equi¬ 
distance between them. 

The arrangement of the cells and needle is well shown in the figure. 
Attached to the bottom end of the needle is a small horizontal plate 
moving in a bath of heavy oil, which effectually damps the motion of 
the needle and prevents undue oscillation. 

For the measurement of very high P.D.s instruments having only one 

vane or attracted disc are 
used, and the controlling 
force is supplied by weights 
as in The Kelvin Volt 
Balance. * 

Addenbrooke Reflect¬ 
ing Electrostatic Volt¬ 
meter.—The construction 
of a satisfactory electro¬ 
static voltmeter capable of 
reading accurately small 
P.D.s (of the order of i or 
• RHORRHOR-0RONXC •USRCnOiNO STRIP 2 volts),whether continuous 

or alternating, is a matter 
presenting considerable 
difficulties.* These diffi¬ 
culties have been success¬ 
fully surmounted by Mr. 
Addenbrooke, who has 
designed the instrument 
shown (with the lower part 
of the case removed) in fig. 
45. The needle is a double 
one, each half consisting of 
a cross of very light sheet 
brass, as shown in fig. 46, 
and these two crosses are 
displaced relatively to each 
other through an angle of 
4S*, and are insulated from each other by a disc of mica. Top and bottom 
suspensions of very thin phosphor-bronze strip are employed. The top 
suspending strip supports the weight of the needle and serves tcr> connect 
the upix;r half of it to the ca.se of the instrument The height of the needle 
is adjustable by mean.s of a rack-and-pinion movement (the rack is seen 
projecting outside the up[)er part of the case in fig. 45)* and its position 
in a horizontal plane may be roughly adjusted by rotating the ciscular 
plate whiv'h, supports the top suspension, ana finely adjusted byjneans 

1 For many years L«rd Kelvin's quadrant electrometer has been avaiiabte (or i&suriiig dectro* 
statically small continues P.D.s; but when so arranged (the needle having ai#independent charge) , 
the instrument is incapable of measuring MUtmtUing P.D.s. 
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01 a ungent s<A«w. The strip connected to the bottom half of the needle 
is left slack, and its lower end is soldered to the copper wire seen pr9ject- 
ing (in fig. 45) through the tube which encloses the strip. This tube' is 
insulated from the case. 

The fixed plates consist of two circular brass plates divided into octants. 
One of these octants, removed from its usual position, is .seen lying close to 
the right-hand levelling-screw in fig. 45; at the middle of its curved outer 
edge is a hollow cylindrical projection with a clamping-screw, which enables 
it to be rigidly ckimped to the supporting pillar. Each pillar carries two 
octants, one being below and the other above the needle. The positions 
of the octants relatively to the needle are imlicatcd bj- tin- dotted lines in 
fig. 46. By sliding the 
octants up or down the 
pillars, the distance of the 
octants from the needle, 
and with it the .sensitive¬ 
ness of the instrument, 
may be varied. One .set 
of four alternate pillars is 
insulated and connected 
to the bottom half of the 
needle .and the insulated 
terminal of the instru¬ 
ment, while the remain¬ 
ing set of four alternate 
))ill.ar.s is connected to the 
case, and through it to the 
upper half of the needle 
and the uninsulated ter¬ 
minal. 

If we suppose that the 
terminals of the instru¬ 
ment are connected to a source of hi.M.F., then the needles and octants 
become charged as shown in fig. 46, and it is at once evident that a 
deflection of the needle will result 

The instrument is shown in fig. 45 with the lower part of the ca.se 
removed. This is provided with four mica windows arranged at the 
extremities of two mutually perpendicular diameters, and by this means 
the octants, needle, and mirror mat' be observed without having to remove 
the case, and the ray of light is allowed to enter and leave the instrument 
by one of the mica windows. 

The usual lamp-and-scale method of reading the deflections is u.sed in 
connection with this in.strument, and the mirror is clearly seen, in fig. 45, 
above the octanth. ■ , 

i\ll electrostatic instruments have to be screened from external electro¬ 
static disturbances, and for this purpose they are nearly completely enclosed 
in a metallic case. Some opening must, however, be left for reading the 
scale, and tiTis part of the case is made of gla.'is. It hai been found that 

I. • 
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a very slight amount of friction, such as that obtained by wiping tie 
glasst with a handkerchief, is capable of electrifying the glass to an extertt 
which is sufficient to seriously affect the readings of the instrument 
In order to eliminate this source of disturbance. Prof. A)^on and Mr. 
Mather have devised a transparent conducting varnish with which the 
glass may be coated, and thereby rendered as efficient a screen as one 
made of metal. 

Standard Instruments.—Some form of standard instrument is com¬ 
monly used in calibrating ammeters and voltmeters. Lord Kelvin’s 
balances are among the most reliable and accurate electrical measuring 
instruments made, and are particularly suitable for simple and accurate 
calibrations. The balances are constructed on the electrodynamic prin¬ 
ciple, and by having two movable coils carrying currents in opposite 



directions an astatic movable .system is obtained. A number of forms 
ef the balance arc manufactured, suitable for current, P.D., and power 
measurements. 

The following description of a Kelvin Current Balance will make clear 
the main fc.atures of these instruments: The two movable coils are 
mounted at the ends of a balance beam, and above and, below each 
movable coil is a fi.xed coil. The direction of the currents is showm in 
fig. 48, and it will be seen that each pair of fixed coils produces a radial 
horizontal field in which is placed the movable coil. The connections are 
such that the left-hand coil tends to move down while the righj-hand one 
tends to move up. 

As in other electrodynamic current-measuring instruments the deflecting 
couple acting" on the movable system is proportional to •the square of the 
current. This deflecting couple is balanced by sliding a weight alon^ the 
finely-divided scjle attached to the balance beam. Since the btdancing 

* This difliculty is l)y^no means coi^ned to electrostatic instruments: some other dfheate instmmenU 
are equally liable to be affected by electrification of thrir glass covers. 
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couple varies as the displacement of the weight, it follows that the cunent 
is proportional to the square root of the displacement The fixtfd -ct 
inspectional scale seen above the finely-divided scale in fig. 47 has divisions 
proportional to the square roots of the corresponding divisions on the 
movable scale, and the value of the current is obtained by multiplying the 
fixed-scale readings by a certiiin constant. 

One of the chief features of these instruments is the ingenious manner 
in which large currents may be conveyed into and out of the movable 
system of coils without interfering with the flexibility of the suspensions. 
The method adopted is shown diagrammatically in fig. 48. The weight 
of the balance beam is borne by a double set of suspending “ligaments", 
which consist of* a number of very fine copper wires laid side by side and 
soldered to suitably insulated contact-pieces. The current enters the 
niovable coils by one set of ligaments, and leaves by the other. Hundreds 
of fine copper wires are required in the case of instruments intended for 
the measurement of very large currents. 



The scale of a Kelvin balance is rendered very open over the greater 
portion of the range of the instrument by the simple device of providing 
three or four different sets of sliding weights which are simple multiples 
of each other. A different constant will then correspond to each sliding 
weight. In order to maintain equilibrium of the balance beam in the zero 
position of each weight, a set of counterpoise weights is provided. These 
latter are made cylindrical, and are supported in the triangular trough seen 
to the right of fig. 47, a cross-pin which passes through the counterpoise 
fitting into a hole at the bottom of the trough and thus giving the weight 
a perfectly definite position with respect to the beam. The sliding weights 
fit over a carriage (clearly shown in fig. 47), which may be moved along 
the beam by pulling one or other of the two strings attached to a self¬ 
releasing pendant and passing outside the gla.ss case which is placed over 
the instrument when in use. 

The Kelvin balance is an example of a ffero instrument, i.e. an instru¬ 
ment requiring an adjustment before a reading can be taken. In an 
instrument inten^pd for ordinary commercial work the necessity for such 
an adjustment would be considered a very serious disadvantage. Hence 
all ordinary commercial instruments are direct-reading deflectional instru¬ 
ments; 1.e. they indicate the value of the current by 'he position of a 
pointer moving over a scale marked in amperes, no preliminary adjustment 

or referqpce to tables or multinliratinn K,. o 
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An important feature of the electrodynamic class of Instruments (which 
they share with instruments of the hot-wire type) is that they are capable 
of givint; correct readings on alternate-curren| circuits without requiring 
rccalihration. 

Calibration of Ammeters. —An ammeter may be calibrated, i.e. 
the true values of its readings ascertained, by one of the following 


methods:— 


1. By the use of a voltameter. 

2. By comparison with a standard instrument. 

3. By the potentiometer method. 


Use of Copper Voltameter.—Although in the legal definition of the 
ampere special reference is made to the silver voltameter, anti a schedule 
is appended which Contains detailed instructions regarding the use of such 
a voltameter, we shall here consider only the copper voltameter, as this is 
more suitable for the measurement of large currents. The silver volta¬ 
meter can be conveniently used for currents up to i ampere; its cost would 
be prohibitive for larger currents. 

Although the electrochemical equivalent of an ion is an absolute 
constant of nature, it is found that the values obtained by experiment in 
the case of copper deposited from a solution of copper sulphate vary 
appreciably under different conditions of working. Such variations are 
not real, but only apparent, and are due to the solvent action of the 
electrolyte on the freshly-deposited copper. This solvent action depends 
on the density of the solution and on the temperature, and in order to 
obtain reliable results with a copper voltameter the following precautions 
should be observed:— 

The solution is prepared by dissolving pure recrystallized sulphate 
of copper in clean ordinary tap-watd'r until a density of 1.18 is reached, 
and then adding i per cent by volume of strong sulphuric acid. It should 
be replaced by a freshly-prepared solution when the aggregate time during 
which it has been in use amounts to ten hours. 

The area of the cathode plate or plates should be such that there 
are not less than 50 sq. cm.s. per ampere of current, and the area of 
the anode plates should always be in excess of that of the cathodes. 

The deposition is allowed to go on for about one hour, the current 
being maintained constant by means of a suitable rheostat* The cathode 
plates are taken out of the solution immediately after the current has been 
switched off, and are plunged into a vessel filled with water which has been 
acidulated with a few drops of sulphuric acid. They are then sthoroughly 
washed and dried, first by the application of warm white blotting-paper 
and then by being held in front of a clear fire or over a spirit-lamp, care 
being taken not to allow them to get appreciably hot. 

The values df the apparent electrochemical equivalent of copper are 
given in the following table, prepared by I’rof. T. Gray:— 

^ Rbflostnts consistSig of Uoughs of mercury of variable iength ore very c^venient for Ibia 
• purpose. ■ ,, 
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Area of Cathode 
in sq. cm&. per 

Values of Apjimcol Electrochemical Equivalent of Copper. * 






ampere. 

2‘C 

I2’C. 

25 " c. 

2S“ C. 

35' C. 

5 ° 

.OOO32S8 

.0003287 

.0003286 

.0003286 

.0003282 

100 

.OO052S8 

.0003284 

.0003283 

.0003281 

.0003274 

tjo 

.0005287 

.0003281 

.0003280 

.0003278 

.0005267 

200 

.0005285 

.0003279 

.0003277 

.0003274 

.0003259 

*50 

.OOO52S5 

.0003278 

.0003275 

.0003268 

•000325a 

300 

.0005282 

.0003278 

.0003272 

.0003262 

.0003245 


The copper-voltameter method of calibrating an ammeter is especially 
suitable in the case of instruments obeying a known law, such as the 
Siemens electrodynamometer and Kelvin balance. In the case of other 
instruments, a single determination with the voltameter only enables us 
to verify the accuracy of the instrument for one particular scale reading. 
The voltameter method, which is the one actually employed in the 
standardization of Lord Kelvin’s balances, is thus unsuitable for calibrating 
commercial instruments over their entire scale. For this purpose the next 
method is more convenient. 

Calibration of Ammeters by Comparison with a Standard Instru* 
ment.—The instruments used as standards for this purpose are generally 
Lotd Kelvin’s current balances. The instrument to be calibrated is con¬ 
nected in series with the Kelvin balance, a suitable rheostat, and a number 
of secondary cells, and a series of simultaneous readings is obtained with 
both instruments. A calibration curve may then be plotted, instrument 
readings being measured horizontally and their correct values vertically; 
or an "error curve" may be plotted in.'tead, whose abscis.sx (horizontal 
distances) represent instrument readings, and ordinates the amount to be 
added to, or subtracted from, these readings in order to obtain the correct 
values of the current as given by the standard instrument. 

Potentiometer Method of Calibrating Ammeters.—In this method 
the ammeter is joined in series with a known standard resistance (pre¬ 
ferably an exact submultiple of lo), and the value of the P.D. across this 
resistance is measured by means of an instrument known as a “poten¬ 
tiometer" (described below). The P.D. divided by the value of the 
standard resistance gives the true value of current corresponding to the 
reading of the ammeter. 

In the calibration of ammeters it is important to have all the con¬ 
necting wires or cables arranged so that there is no direct magnetic effect 
produced on thp instruments by current flowing along the connecting 
wires. The latter should be preferably twisted so as \o form a twin 
conductor, all large loops or coils being carefully avoided. Neglect of this 
precaution may give rise to serious error. • • 

Calibration of Voltmeters.—Voltmeters may be (jalibrated by com¬ 
parison with a standard instrument, or by the potentiometer method. It is 
needless to remark that in comparing the readings o/ two voltmeters these 
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Instruments should be connected in/W/c/, and not In scries as would 
h'e ciL with ammeters. A Kelvin Centi^mpere Balance connected in 
series with a high resistance is frequently used as a standard mstrunient 
The Potentiometer. — The principle underlying the ^tentiomcter 
method was originally introduced by Poggendorff, and is illustrated in 
fig- 49- It I® essentially a method for determining the ratio of two 
E.M.F.S or P.Da Let e be a source of constant E.M.F. (a battery of 
secondary cells) which maintains a constant currenfin the conductor AB, 
and let this conductor be so arranged that contact may be established at 
any point C of it ^by means of a slider), the value of the resistance AC being 
accurately known. If while the current is flowing along AB we arrange 
a branch circuit between the points A and C, including a galvanometer G 
in this circuit, then the P.D. which exists between the points’A and C will 
also produce a current in the branch circuit from A to C, and this current 

will be indicated by the galvan¬ 
ometer. Suppose next that an 
E.M.F. E, is introduced into the 
branch circuit, the direction of 
this E.M.F. being from C to A, 
i.e. in opposition to the P.D. ex¬ 
isting between those two points. 
If we suppose that this E.M.F. 
is steadily increased, then the 
effect will be to steadily decrease 
the current in the branch circuit, 
and for a certain value of E,— 
when it becomes just equal to the P.D. between A and C —the current 
will vanish, and the galvanometer will show no deflection. We then say 
that Es balances the P.D. across A c. If the value of Es be still further 
increased, a current will flow from c to A, the galvanometer deflection 
being reversed. 

Instead of supposing that E, is varied while the P.D. across AC 
remains constant, let us now take Es to have a definite fixed value, and 
to represent the known E.M.F. of a standard cell. Balance may in this 
case be obtained by varying the P.D. across AC. This may be done in 
two ways: either by shifting the point of*connection C along the wire AB 
while the current in AB remains constant, or else by keeping C fixed 
and altering the current along AB by means of an adjustable resist¬ 
ance R placed outside A B. Let us suppose that by either of these two 
methods balance has been obtained; then we know the value t)f the P.D. 
across a C, for this must equal the E.M.F. E, of the standard cell. Again, 
if r, be the resistance of AC corresponding to a state„of balance, then 
the current aldng AC (of along AB) is given by Let, next, an 

unknown E.M.F.’or P.D. of amount E, be substituted for E,* (this* may 
be quickly done ky means of the two-way switch shown in the diagram), 
and let balance bf once more obtained by shifting the point G, the current 
along AB remaining constant. If r, is the resistance of AC^. corre-t 

* Care being taken to^coanect it up the right vrey—ia opposition to the P.D. across A.C. 
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spending to balance in this second case, then Ei/r, gives the ciirrcpt 
along AB, and since this has the same value as before, we must have 

Ex/rv =• Ej/r,, whence E* m —E,. We thus have a method of obtaining 

an unknown E.M.F. in terms of a known one, and the arrangement shown 
diagrammatically in fig. 49 for doing this is known as a poUntierntter. 

A simple but crude and not very accurate form of potentiometer is 
one in which a B is represented by a bare wire of high-resistivity material 
stretched along a graduated scale, the diameter of the wire being as 
uniform as possible, so that the resistance of any portion of it may be 
assumed to be proportional to its length, and hence the ratio r,lr, equal 
to that of the corresjxjnding two lengths of the potentiometer wire; these 
lengths may beread off directly 
on the scale. The point C 
would correspond to a knife- 
edge contact attached to a 
suitable slider. 

The main objection to such 
an arrangement is the want 
of uniformity in the wire, and 
its liability to become acciden¬ 
tally damaged or destroyed. 

For these reasons, in all accu¬ 
rate, forms of potentiometer,' 
the slide-wire either forms 
only a small fraction of the 
total resistance correspond¬ 
ing to A B, or el.se is entirely 
absent. ' ' f ,, 

A good though not very 

convenient form of potentiometer may always te improvi.sed by using two 
resistance-boxes, one to represent a c, the other c B, and, balance having_ 
been obtained with the standard cell and the value of AC noted, again 
obtaining balance with the unknown E.M.F. or P.D., by varying the 
resistances AC and CB in such a manner as to keep their sum constant. 
This is done by plugging an equivalent resistance in C B when a certain 
resistance in AB has been unplugged, and vice versa. 

It will be noticed that when balance has been obtained, the standard 
cell is not required to give any current. If it is allowed to send large 
currents, its E.M.F. is lowered, and an error introduced into the measure¬ 
ment In order to prevent the possibility of large currents passing 
through the stait^ard cell, it is advisable, during the earlv stages of the 
measurement, to introduce a large resistance into the galvanometer and 
cell dircuit, and then to cut this out as balance is approached. 

The potentiometer itself as usually constructed is* suitable for the 
measurement of only ’relatively small E.M.F.S—not exceeding about 1,5 

iHieAest-knowo ^rm» are Uiose manufactured by Mea&ri. Crompton k CA. Ltd., Meura. Elliott 
Bptbeta, and Me»r«. Nalder Broa. a Co. • 
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vojt • In combination with a standard resistance it may be employed for 
the calibration of ammeters as already mentioned, the standard resistance 
taking the place of E. in fig. 49 (E. would be represented by the P.D. 
across the standard resistance). The complete diagram of connections is 


given in fig. SO. j i. • 

The range of the instrument may be enormously extended, so that it 
may be used for the measurement of very high P.D.s, by the simple 
device of using a small, accurately known fraction, of the unknown high 
P.D., and balancing this on the potentiometer. 

Subdivision .of P.D. by Means of Resistance — Calibration of 
Voltmeters.—A known fraction of an unknown P.D. is easily obtained by 
introducing between the two points across which the P.D. exists a resist¬ 
ance of known valhe, and using 
a known fraction of the total 
resistance. The P.D. across 
this section of the resistance 
then corresponds to the same 
fraction of the total P.D. This 
arrangement enables us to cali¬ 
brate high-reading voltmeters 
by means of the potentiometer. 

The diagram of connections 
is shown in fig. 51. A resist¬ 
ance r is connected in par^allel 
with the voltmeter, so that the 
P.D. across this resistance is the 
same as that which exists be¬ 
tween the voltmeter terminals. 
The P.D. across r,, which is a 
known fraction of r, is then 
balanced on the potentiometer; 
if the value corre,s()onding to balance is volts, then the true value of 
the voltmeter reading is E,, r/r,. 

Recording Ammeters and Voltmeters.—In many cases it is desirable 
to have a continuous record of the current in a circuit, or of the P.D across 
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its terminals, and in such cases recording Instruments are employed. The 
electrical and magnetic arrangements of such an instrument present no 
peculiarities, and are similar to those used in ordinary indicating instru¬ 
ments, but the simple pointer is replaced by a tracing point or pen which 
traces out a record on a sheet of paper moved at a constant ra 4 e by clock¬ 
work, in a direction which is at right angles to the motion of the tracing 


Short-scale* Instruments.—Electrical energy is generally supplied at 
a constant P.D., and many of the voltmeters found in central stations are 
intended lo'enabte the switch-board attendants or engine-drivers to main¬ 
tain a constant P.D- between certain points. It is evident thaj under these 
conditions only ^ limited portion of the scale is u.sed, readings which are 
either much higher ot much lower than the normal P.D. not being required. 
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It is an obvious advantage to make the working part of the scale as. open 
as possible, and to suppress the remainder. This may be done in a variety 
of ways. For instance, in the case of a moving-coil instrument the field 
in which the coil moves may be made of variable strength by making tlie 
air-gap of \ariable length, the shortest length, and hence most intense 
field, corresponding to the normal reading; a given change in the current 
through the coil at the normal reading will then produce a much larger 
displacement of the coil across the field than at a reading cither lower 
or higher than the normal. 

Although short - scale instruments arc mainly represented by volt¬ 
meters, the construction is equally applicable to ammeters, should such 
be required.^ 


CHAPTER VI 

EI-ECTRICITY SUFI’LV METERS 

A form of electrical measuring instrument which is used in larger 
numbers than any other is the instrument which is connected to the 
wiring of a consumer of electrical energy for the purpose of measuring the 
total amount of energy supplied to him. From the electrical |)oint of view 
such instruments may be diviiled into two large classes, known as quantity- 
meters (coulomb meters, or integrating ammeters) and cncr^T-mclers (watt- 
hour meters, or integrating wattmeters). 

Electrical energy is suppo.scd to be supplied to a consumer at a 
constant, or approximately constant, P.D. Now, if the P.l). be a.ssumed 
constant, it is evident that the power will be simply proportional to the 
current, and hence the energy to the quantity of electricity (in coulombs 
or ampere hours) sup[)lied. On the assumption of constancy f)f P.D. an 
instrument capable of measuring the quantity of electricity supplied may be 
used as an energy-meter. Many forms of such f/«uK/f(y-mcters are in us 5 . 

A more satisfactory form of meter is, however, one capable of measur¬ 
ing correctly the actual energy, and not merely the (juantity.* Such 
a meter is called an energy-meter. 

The mechanism of an electric supply meter is so arranged as to make 
the meter read directly in Board of Trade units (kilowatt-hours), either 
on a .scries of dials—resembling those used in a gas-meter—or on some 
other suitably arranged scale. 

In many modern instruments the counting mechanism is similar to that 
made so familiar by the cyclometer. The advantage of this mechanism is 
that the readings can be more quickly taken and without risk of error. 

The fundamental law which a thoroughly satisfactory meter must 
fulfil is that the rate of registration at any instant shoilld be proportional 
to the current in the ca.se of quantity-meters, and to the pdwer in the 
case of energy-meters; and the great difficulty whici; manufacturers have 

r IAhe P.D. a*which a consumer is supplied falls below the specified vjflue, a quantity-meter will 
• nigiuer tm araount which is in exce» of tb« actual energy reoeivett by the coniunier. 
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^IwAys had to face is the construction, at a reasonable cost, of mctciis 
capable of oteying this law with sufficient accuracy. 

For convenience in description the meters will be divided into the 
following classes:— 

, _ ,, f I. Electrolytic meters. 

I. QuiiH t jf-tiie ers. ^ Permanent-magnet motor meters. 

( I. Clock meters. 


II. Energy-meters. 


2. Motor meters. 

{a) With commutator. 

{b) Induction motor type. 


The principle of the purely A.C. meters of the induction motor type will 



be more fully understood after reading the section 
on A.C. measurements. 

Numerous forms of electrolytic quantity-meters 
have been devised. Edison used copper and, at 
a later stage, zinc voltameters; by weighing the 
cathode plates, after the meter had been in use for 



Hg. 5*.—W'riilht Electrolytic 
Melei 


some time, the amount of copper or zinc deposited 
could be determined, and from this the quantity 
of electricity supplied calculated. Such meters, 
however, are not direct-reading, and involve the 
troublesome operations of collecting and weighing 
the plates. 

Two direct-reading electrolytic quantity-mdters 
are in use at the present time. One of these, the 
Uastian meter, consists of a glass vessel fitted with 
platinum electrodes which reach down to the bottom 
of the vessel.. The ves.sel is filled with acidulated 
water, and a layer of oil is floated on the top of 
the water to prevent loss by evaporation. The 
current passing through the meter decomposes the 
water, and the quantity of electricity supplied is 
directly proportional to the amount of water decom¬ 
posed, and may be read off on a suitably arranged 
vertical scale. 

The main defect of the Bastian meter is its 
large counter-E.M.F. (about 1.5 volt) and conse¬ 
quent large absorption of power; hence it is only 
suitable for small currents. 

In the Wright electrolytic meter, illustrated in 


figs. 52 and 53,‘ a double iodide of mercury and 


potassium is usad as the electrolyte, and the counter-E.MlF. is so small as 


to be negligible. .D is a reservoir filled with mercury, and connected^with 
1 flat glass xe.ssel whose lower part is provided with an annular groove AC 


* From the Jout^al of the inUitution of EUctrical En(>ineers, by permission of Council of the 
institution. In order to*prevcnt any %iercury from being shaken down the measuring-tube from the 
mnular anode by mecliAnical vibration, a guard cylinder of platinum gauze is Aed into tb%glass lip 
thkh forms the inner boundary of the annulus. 
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containing mercury. This circle of mercury forms the anode, and as the 
mercury is used up by going into solution, its level is maintained by the 
flow, at intervals, of additional mercury from the reservoir D, the place of 
this mercury being taken by the electrolyte, which forces its way past the 
narrow neck connecting the two vessels when the mercury level in AC 
falls slightly. The entire vertical glass tube seen below AC is filled with 

__ P the electrolyte. The conical cathode B is made 

of iridium-foil, and the mercury whych collects 
on it drops into the funnel K at the top of the 
.siphon-tube E, and gradually fills this tube. 
When the tube has been completely filled (which 



Fig 53.-Wright Eiectrolylic 
Meter 



correspf)nds to 100 units), the mercury automatically siphons out and falls 
to the bottom of the outer tube, as shown at G in the figures. The current 
which produces jslectrolysis is only a small fraction of the total current, 
the bulk of which pas.ses through the manganm shunt R? 'An iron-wire 
resistance is connected in series with the voltameter, the value being so 
adjusted as to make the total resistance of the voltameter circuit indepen¬ 
dent of tenyjerature changes. When all the mercu.y contained in the 
reservdr D has, been used up, the meter is easily reset’ by tipping it up 
wd allowing the mercury to flow back into G. ^ ‘ 
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D Permanent-magnet Motor Meters.—This 

class includes a rjumber of well-known tyjies. 
u f f] examples which we have selected for a 

jj j 1 „ detailed description are the Ferranti, and the 

j ! j 11 Chamberlain & Hookham meters. Both of 

n i" ' j lL j! T // Ferranti Meter. —The general appearance 
I Ferranti meter is• iilu.strated in fig. 54, 

J viiiich .shows a meter with the cover and the 
terminal door removed. The instrument consists 
r—flr^ essentially of a copper disc which rotates in a 

mercury bath between the^poles of a double per- 
^ m mancnt magnet, the limbs being connected by 

V \ A _cross-bars above and below the pole-pieces, as 

IV . M . ,1 . shown in fip. 55. 

55-"Moti..r l.lcment, Ferrauti „ " 

The mercury chamber is closed by an in¬ 
sulating ring through the right-hand side of 
which a lead pa.s.scs and makes contact with the mercury. 


4 , 'Ml 


55-"Moti..r I Jcment, Kerrauti 
Meter 



Fig. $6.—ChatnberUia & Hookluun M«t«r 
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A second lead makes contact with the mercury at the bottom of the 
chamber, and is continued in the form of a coil round the lower cross-,bar 
The current passes through the copper disc from the side connection to thfc 
connection at the bottom of the chamber. 

This current flowing from the edge to the centre of the disc is at right 
angles to the magnetic flu.\ between the right-liand pair of poles, and the 
disc is thus subjected to a driving torque proportional to the current. The 
controlling torque is supplied by the interaction of the magnetic flux 
between both pairs of poles with the eddy currents produced in the eop|)er 

disc, and is proportional to the 
speed of the disc. 

The speed at which the disc 
runs is thus proportional to 
the current passing through the 
meter. .An additional retarding 
tor(|ue is su|)|)licd bj' the fluid 
friction of the mercury, and 
since this increases slightly as 
the speed rises it has to be com¬ 
pensated for. This is accom¬ 
plished by the coil on the lower 
cross-bar, which, by increasing 
the magnetic flux between the 
right-hand pair of |X)Ies and 
diminishing it between the left- 
hand pair, increases the driving 
torque and at the same time 
diminishes the retarding torque 
at the higher speeds. 

An iron bar secured by iron 
screws connects the left-hand 
ends of the cross-bars. This 
provides a means of adjustinf^ 
the sjieed of the meter. For 
example, if the meter is found 
to be reading low, the bar is tightened up by means of the .screw.s. The 
flux between the left-hand pair of poles is thereby reduced, and conse¬ 
quently the retarding torque is diminished, allowing the meter to run 
faster. By slackening the screws the meter may be made to run slower. 

The counting mechanism is of either tlie cyclometer or dial type as 
required. 

For currents exceeding 25 amperes the meter is provided with a shunt 
contained within^the case. 

Chamberlain & Hookham Meter.—The mo’^t recent typd of Chamber¬ 
lain & Hookham Hou.se Service D.C. Meter is shown in figs. 56 and 57, and 
it will be seen that the instrument is very similar to that descsilicd above, 
the principal/Ufference being in the use of a single paii of poles. 

For^switch-b^ard and other laige meters th# older partem shown partly 
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In section in fig. 58 is retained. A A is a powerful permanent magnet to 
whose poles are attached the soft-iron pole-pieces B B, separated from each 
other in the middle by the insertion of a bfess distance-piece C. Below 
these pole-pieces is placed a piece of soft iron DD, so that some of the 
magnetic lines pass downwards on one side and upwards on the other 


across the gap which separates DD from BB. In this gap is placed the 
horizontal copper disc N, which forms the “motor disc”, the remainder 
of the space being filled up with mercury. The remaining magnetic lines 



pass up two cylindrical 
pole-pieces E on one 
side, across iron bridge- 
pieces G, and then down 
twt) pole-pjeces E on the 
other side. In so doing 
the lines have to cross 
the air-gaps interposed 
in their path half-way 
up each pole-piece. Into 
these air-gaps is intro¬ 
duced the “ brake disc ” 
o, which is made of a 
lo w - tem peratu re - coeffi- 
cient alloy, and which is 
mounted on the same 
vertical spindle as. the 
motor disc. This spindle 
is geared with the count¬ 
ing mechanism. 

The current flows 
along the left - hand 
copper strip k, enters 
the mercury, and then 
flows through the motor 
disc in a diametral direc¬ 
tion, leaving it by the 


♦■•g- 58.—C-h«inberlam ft }fookh.-xm Meter 


. .. , . K. The magnetic field 

n wh^ich the disc is placed causes the latter to rotate—the speed of rota¬ 
tion being, even at full load, slow, and hence the friction of the mercury 
inconsiderable. Since the field is constant, the driving torque acting on 
he motor disc will be simply proportional to the current. Thg retarding 
torque IS provided by the currents induced in the brake di.se on account of 

[if- T*ia" “‘'•T ® "°n-«njfonn magnetic field, and, since the intensity of 
his field reimihs constant, the retarding torque is simply proportional to 
the sj^d.^ Henie the speed varies in direct proportion to the current. 

1 he compensating coil wound round the upper bridge-piece and carry- 
ng the mam current serves to correct for the effect of the fluid friction of 
the mercury by weakening the field in which the brake diso is placed 
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Clock Motors—The Aron Meter.—This meter, of which the general 
appearance is shown in fig. 59, depends for its action on the force exerted 
between current-carrying coils placed near one another. The hea\'y-wire 
fixed coils are connected in series and carry the main current. The fine- 
wire coils are attached to the lower ends of two similar jxmdulums. 

These coils are connected in series, and each has a large non-inductive 
resistance in series with it. The whole is connected across the mnin.s, .so 
that the current carried b\- the pendulum coils is proportional to the 
P.D. between the mains. The coils are so wound that while the force 

between one fixed coil and the correspond- 
^ ing pendulum coil is one of attraction, 

between the other pair the force is one 
repulsion. This corresponds in effect to 
an increa.se in the gravitational force acting 
!’■ ‘ on one pendulum, and to a decrca.se m that 

acting on the other pendulum. 

J This causes one |)cndulum to oscillate 

j more rapidly than the other. The (x;n- 
dulums are driven by clock mechanisms 

^__ , i which arc coupled by the differential gear 

i 11ia •' ‘ .shown in fig. 60. These clock mechanisms 

! ' If i adjust' d so as to go ;it exactly the 



same rate when the meter is disconnected from the mains, and the 
difference in their rates when the meter is connected to the mains is 
proportional to the power being supplied. The two driving-wheels of the 
differential gear revolve but will not move bodily; but as .soon as one 
wheel moves faster than the other the central wheel will move at a speed 
equal to the difference in rate at which the two driving-wheels are 
revolving. The translational movement of the central wheel therefore 
measures the amount of gain of one clock on the other, and the support 
for this wheel is glared to a counting mechanism which records its motion. 
The ti^iin of wheels which connects the central wheel to tht counters is so 
arranged that the instrument records directly the number of kilowfltt-hours 
supplied throi^h it. 

In order tnat the two clocks may be driveft by one ’spring a similar 
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differential gear is used to connect them to the driving mdchanism shown 
in fig. 6i. The winding is done electrically, and under normal conditions 
the winding gear acts at about every half-minute. 

In the earlier patterns of this meter long pendulums were u.sed, and 
even then, although the clocks were synchronized to begin with, it W'as 
found that often in the course of time a record (either positive or negative) 
accumulated on the dials although no current had passed through the 
meter. In the more recent patterns this difficulty has been entirely got 
rid of by a simple device which renders exact synchronism unnecessary. 
This permits of the use of short pendulums, and therefore reduces the size 
of the meter. The device referred to consists of an extra wheel between 
the differential ge*ar and the counting mechanism, which is thrown into and 



Fig. - Winding Mechaniiin, Aruii Meter 
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out of gear at regular intervals, thus reversing the latter periodical!)-. The 
record accumulated during one interval is therefore neutralized by that 
of the succeeding interval. This alone would effect the erroneous and 
legitimate records alike, so that a commutator has to be provided which 
reverses the current through the pendulum coils at the same instant as the 
counting mechanism is reversed. By this means the legitimate record is 
continually accumulated in the same direction, while the erroneous one 
is continually destroyed. The reversing-gear and commutator are operated 
simultaneously every ten minutes b>' an intermediate spring actuated by 
the main power spring. 

The meter can be used with equal success on D.C. and .^.C. circuits, 
and is in any case a very accurate instrument. The connections for a 
two-wire D.C.* circuit are shown in fig. 62. 

V\'hen used'on an A.C. circuit the instrument itself is unaffected by 
frequency‘changes, but the electrical winding-gear has to be designed to 
suit the normal frequency of the circuit on which the meter is to be u.sed. 

By a simple re-arrangbment of the internal connections, as shown in 
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fig. 63, the met* may be used on a three-phase circuit, the principle being 
that of the “two wattmeter method " (see Chapter V, .■Article II). 


■ Motor Meters — Thomson 
Meter.—The commutator type of 
motor meter, originally suggested 
by Professors .Ayrton and Perry, 
has become very jxjpular. It is 
suitable for either D.C. or A.C. cir¬ 
cuits. A well-known example in 
this country is that devised by Pro¬ 
fessor Elihu Thomson (fig. 64). It 
consists essentially of a small motor 
in which the field coils F carry the 
main current, and the armature A 
the shunt current. There is no iron 
in the field-magnet system, so that 
the magnetic field produced by the 
current is always directly propor¬ 
tional to it. The force/acting on 
;he armature conductors at any in¬ 
stant is dei>endent on the strength 
)f field II, and the strength of the 
hunt current L Hcnce/oc 1, x 



-I, and H being proportional to I, the main current,/is proportional to I, I. 


N’ow 1, = Jj, if the inductance of the .shunt circuit is negligible, and R is 

a constant, we have torque oc I E 
at any instant. If there were no 
resisting torque the motor would 
increase in speed until the b.ick 
E.M.F. it produced was equal to 
the E.M.F. applied. In order that 
the number of revolutions of the 
meter may register energy, the 
speed at which the meter is run¬ 
ning must be proportional to the 
power supplied through it. This 
is effected if a retarding torque 
is applied which is proportional to 
the speed. When such an arrange¬ 
ment is adopted the speed will 
increase until the driving and re¬ 
tarding torques ar»equal, and con¬ 
sequently, the speed, being pro- 
portiorfal to the retarding torque, . • 

will be proportional to the driving torque, that is, to the power supplied. 

This retailing torque is produced, usually, «by attaching to the arbor 
of the armature a flat copper sheet D (fig. 64;, which moves between the 
. VOL 1. . s 



Fig. 64. 
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poles of a strong permanent magnet. Ed<l>< currents are induced m the 
copper by its motion, and these eddy currents react on the magnetic field, 
prcxlucing a retarding torque, which is always exactly proportional to the 
speed at which the plate is moving. In order that the meter may record 
accurately, many details have to te looked to; the chief difficulty arises 
from the necessary friction at the bearings, lo reduce thi.s to the smallest 
possible amount, the bottom of the arbor, which is maJe of hard steel, 
is pivoted on a .sapphire jewel, and the top supported in a cup of hard 
steel. The spindle is steadied at both ends by collar bearings, loosely 
fitting. The friction of the brushes on the commutator (which is usually 
of eight parts) is eliminated in the latest type by using silver strip, which 
is arranged to press edgewise on the commutator surface. 



Owing to the in¬ 
ductance of the shunt 
winding it is impossible 
to get exact phase 
equality between the 
shunt current and the 
applied I’.D., no matter 
how large a non-induc¬ 
tive resistance is con¬ 
nected in series with the 
.shunt winding. This 
leads to a limitation of 
the accuracy of the in¬ 
strument when used on 
A.C. circuits in which 
the power-factor is low. 
h'or example, in certain 
extreme cases, where 


Fig. 66 


the meter has Ixten used 


. to measure the power 

ex(>ended in the dielectric of a cable (the current leading b\' nearly 90'’ on 
the applied potential difference), the meter has been found to go back¬ 
wards, thus showing that the phase difference between the main current 
and shunt current was greater than 90°, and that therefore the instrument 
was no longer recording power. Except in thc.se cases the meters are, 
however, very reliable. 

Westinghouse Meter.—This meter is very similar to the one just 
described, and the general construction is well illustrated in fig. 65. 

A small adjustable coil (shown to the right of the right-hand fixed 
coil in fig. 65) is connected to the shunt circuit, and supplies a small 
torque to compensate foi» friction, and to make the steirting - current as 
small as possiulp. The meter is normally fitted with a roller-cyclometer 
counting.niechanism, and is designed for u.se on D.C. circuits. 

It may'be mentioned that the Westinghouse Company have recently 
been making experiments ^ith a view to employing impregnated paper in 
place of ivory a? an insulation in the commutator of thesejinstrumepts. 
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The commutator which has been used up to the present consists of 
three silver s^ments mounted on an ivory tube with ivory end-ring-s. 

Induction Motor Type.—The driving torque in meters of this class is 
obtained by the interaction of a gliding magnetic field (produced by two 
component fields 90° out of phase with one another) with the eddy currents 
produced by it in a metallic disc. The principle is thus similar to that of 
the induction motor, and meters of this type can only be used on A.C. 
circuits. The following rough c.Niilanntion will give an idea of the action. 

In fig. 66, which 
shows diagrammati- 
cally one arrangement 
of the motor element. 

B is the shunt’magnet 
excited by a coil con¬ 
nected in parallel with 
the mains, and A is the 
series magnet excited 
by a coil connected in 
series with the mains. 

The metallic disc D, 
which is made as light 
as possible, is placed so 
that the pole-pieces of 
. the magnets cover a strip 
paralfel to a diameter. 

The disc has a jewel 
pivot at the lower end, 
and the up-per end of 
the spindle is connected 
by a worm gear to the 
• recording mechanism. 

The controlling torque 
is supplied by the eddy 
currents produced in the 
disc by a permanent 
magnet (not shown in the figure) placed opposite to the driving magnets. 

The current i, in the highly inductive shunt circuit lags liehind the 
current i in the series circuit by an angle which may by suitable design 
be made practically 90°. 

The production of the gliding magnetic field will be understood from 
the figs. 67, a to 67, /;. The fluxes n and n„ produced by the series and 
shunt magnets respectively, are a.ssumed to be qxactly 90° out of phase 
and to vary as shown in fig. 67. The figs. 67, a, 67, b, &c.j forrespond to 
the flu){es at times a, b, &c., in fig. 67, and show in a very rough^ fashion 
the paths and directions of the lines of force at these instants. " 

It will be seen that the resultant flux moves Jirom the left hand across 
the pole-pieces tojthe right-hand side of the magnets durifijf the first half 
of the cycle, and is followed by a flux of the same .magnitude but of 
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oppo*Ite sign which moves in the same direction during the kisMid ME 

A flux is, therefore, continually gliding froro left to right, and cutting 
the strip of disc under the pole-pieces at right angles. The eddy currents 
thus produced react with the flux and continually Urge the strip forward 
from left to right, thus causing the disc to rotate. 

The phase difference between n and n, is dependent on the phase 
difference between the current in the mains and the P.D. across them. 
The resultant flux will clearly move more and more slowly from left 
to right as the mains current and P.D. become more and more out 
of phase with ono another, and will eventually become stationary when 
the current and P.D. are 90° out of phase, the driving force on the disc, 

therefore, also falling to zero. 
By suitably designing the 
magnets the driving torque 
may be made practically pro¬ 
portional to 11, cos * over 
the whole range of load, and 
therefore proportional to the 
true power supplied by the 
mains, since I, is proportional 
to the P.D. across the mains. 

The controlling torque, 
being due to eddy-currents, 
is proportional to the speed. 
The amount recorded by 
the meter is, therefore, pro¬ 
portional to the true energy 
supplied by the mains. 
Meters of this class can be manufactured at a low cost but are liable to 
error when running on low loads and at low power-factors. 

In the more elaborate patterns means are provided to compensate for 
errors due to these conditions. 

The Ferranti Single-phase A.C. Meter, shown in figs. 68 and 69, is 
a good example of the class just described. The construction will be 
readily seen from the figures. 

Adjustments for low loads and power-factors are fitted to .the motor 
element 

Either cyclometer or dial type recording mechanisms as required are 
supplied. 

The Westinghouse A.C. Meter, shown in fig. 70, is another w^ll-known 
meter of thq induction-mptor type, and is of very similar construction. 

The Elecfrical Company’s meter, shown in fig. 71, hhs a different form 
of magnet systhm, and the shunt and series coils are differently arranged. 
A single C-shaped magnet core, having a set of three pole-pieces below 
and a single pole-piece above, is used. The shunt coil is wound on the 
lower part of the middle ^le-piece of the bottom set Th? sw!**® cnii i« 

> Where coi4 is the pow«r>fector of the losd <m the msl^ 



i'ig fte.~*Linr Diagnm of Motor Element, Ferranti A.C Meter 
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dMded, and half is wound on each side poJe-piece'^ear the tip, • /fon* 
laminations, providing leakage paths, connect the side pole-pieces to the 
middle one, the laminations passing ;ust above the shunt coil and Just 
below the series coils. Arrangements for adjusting the meter for low and 
for inductive loads are provided. 

Modifications of all the above patterns, suitable for use on polyphase 
circuits, are also manufactured. 


CHAPTER VII 

MAGNETIC MEASUREMENTS 

• 

Magnetic Force and Magnetic Induction — Susceptibility and 
Permeability.—VVe have already, in Chapter I, considered some of the 
more important magnetic units. It will now be necessary to introduce 
a number of additional units which are indispensable in connection with 
the testing of the magnetic qualities of iron and steel. 

One of the terms which we have frequently had occasion to use is 
magnetic force, and we have defined this as the force which would act on 
a unit pole if placed at the point considered, the assumption being tacitly 
made that the point lies in an air-space. I^t us now suppose that this 
restriction is removed, and that we consider a point inside a mass of iron. 

If we attempt to determine the force acting on a unit pole by scooping out 
a cavity in the region immediately surrounding the point, and introducing 
our unit pole into this region, then we find that the force depends on the 
shape of the cavity, and varies from a very small to a very large value, 
according to the shape. Unless, therefore, we sfx:cially restrict the mean¬ 
ing of the term “magnetic force”, this term ceases to have any definite 
meaning. It has been assigned a perfectly definite meaning by specifyiijg 
the manner in which the cavity surrounding the given point is to be 
shaped. We agree, namely, to restrict the term to denote that particular 
value of the force acting on the unit pole which is obtained by forming 
the walls of the cavity so that they arc everywhere a/on£- the direction of 
magnetisation of the iron. The main effect of this arrangement is the 
absence of magnetic polarity on the bounding surfaces of the mass of 
iron which immediately surrounds the point—in other words, the effect 
due to the magnetization of the mass of iron immediately surrounding the 
point is eliminated. The magnetic force so obtained is usually denoted 
by H. 

It is usual, when the magnetization of iron i^brought aboqt by electrical 
means, to regar 3 the magnetization as being due to a vhgnetising force 
equal to the magnetic force produced. H is therefore frequently referred ' 
to as the magnetizing force. 

Let us now take the other extreme, and sjippose the cavity so shaped 
that the develyment of magnetic polarity on its bofinding surfaces is 
as greft as possible. This will be obtained by making the walls every- 
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where ptrpendicular to the direction of magnetization. Let the magnetic 
polarity per unit of area of the wall be I.’ Then the ratio I/H, generally 
denoted by k, is defined to be the susceptibility of the material. VVe thus 
have 

« - or I = /fH. 

H 

Let us now introduce our unit pole into this second cavity, and deter¬ 
mine the force which acts on it This force is defined to be the magnetic 
induction at the point considered, and is denoted by B. ’The ratio B/H, 
denoted by y., is called the permeability of the material. Thus 

|£ * and B = /uH. “ » 

11 

K 

Instead of saying that the magnetic induction has the value B at a 
given point, we sometimes say that there are B lines of magnetic in¬ 
duction per unit of area of a plane drawn at right angles to the direction 
of magnetization at that point. 

If we take any surface bounded by a closed curve, divide it up into 
a large number of small elements of area, multiply each little area by the 
value of the magnetic induction in a direction perpendicular to the area,® 
and then take the sum of all the products .so formed, then this sum gives 
us what is termed the total number of magnetic lines crossing the surface, or 
the total magnetic flux through it. For this reason B is sometimes spoken • 
of as the magnetic flux density, since it corresponds to the flux per unit of 
area. 

We may now obtain a relation connecting H, I, and B. The force 
which acts on the unit pole in the second case (walls (jerpcndicular to 
direction of magnetization), and which we denote by B, may be regarded 
as made up of two amounts: (i) the force H, which exists independently of 
anagnetic polarity in the immediate neighbourhood of the point; (2) the 
additional amount due to the development of polarity on the walls of the 
cavity in the second case. In order to find this additional amount, we 
notice that the pole-strength per unit of area being I, and the lines of force 
going straight across the cavity, the number of these lines per unit of area 
is 4 IT I, since each unit pole gives rise to 4 t lines. But the number of 
lines of force per unit of area is the same as the force acting on the unit 
pole. Hence, this latter amounts to 4 t I. Thus the total force acting on 
the unit pole B is the sum of H, the force existing quite apart from the 
presence of any magnetic material in the neighbourhood of the point 
considered, and 4 7rl, which is the additional amount contributed by the 
development of magnetia polarity on the walls of the.cavity. We thus 
have * . 

, B~H-i-4^^‘ * 

‘^This, it will be remembered (see Chapter I>, is identical with intensity of ma^ietisaiion, or magnetic 
moment per unit voluus;. * * 

* it must lie rnyrmbered that magnetic induction is a quantity posses^ng direciiot^ as well as 
magnitude. 
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From tliis we at once deduce the relation 

yu = jj =• ». + 4’rg. 

or fi = I + 4 IT *• 

Stress between Two Magnetized Surfaces. — Imagine two plane 
magnetized surfaces separated by a short air-gap, the intensity of mag¬ 
netization Iwiing I and tlie magnetic induction B. Then a unit [X)le intro¬ 
duced into the gap would ex[)erience a force of B dynes. This force may 
lie regarded as due partly to the north and partly to the south pole-face, 
the amount contributed by each being one-half of the total, i.e. B/2. Now 
imagine the unit pole being part of one of the surfaces. Then this surface 
will e.vert no force on the [wle in a direction at right angles to thtf surface, 
so th.it the total force on a unit pole which is part of cither surface is that 
due to the other surface only. viz. BBut the pole-strength of either 
surface per sq. cm. is I. Hence the (lull per .sq. cm. of the surface is I BI. 

g 

If H be negligible in comparison with B, then I = ^ , and the stress 
between the two inagnetizeii surfaces, per .sq. cm. of area, becomes 

B- 

8 TT 

Relation connecting B and H Magnetization Curves. —If we 
take a piece of iron which is in a non-magnetic condition to start with, and 
apply to it a known magnetic force 
H who.se value is steadily incre.ised, 
measuring B iby any of the methods 
to be explained pre.sentl)’) at the 
.same time; then, on [ilotting a curve f 
connecting values of B and H, we find “ 
that this curve, as shown in fig. 72, 
may be described roughly as consist¬ 
ing of three approximately straight- 
line portions united by curves. .Such 
a curve is called a B-H or tnag)ieli.~.- 
ation curve. The upper bend in the 
curve is spoken of as the knee, and 
for any point lying well beyond the 
jenee, and corresixmding to the region in which a relatively large increatie 
of H produces only a relatively small increase,in 3 , the iron is said to be 
saturated. . * 

A knowledge of the exact relation connecting B and H i^ of prime 
importance in all problems concerning the design of electromagnets, and 
in the following table we give the data- from, which ihe reader may plot 
the B-jBI curv^ for (a) cast iron; {p) wrought iron’of good quality; 
(c) dynamo-magnet cast steel:— 




^2 ELECTRIC AND MAGNETIC MEASUREMENTS 


a 

B. 

Cast Iron. 

Wrought Iron. 

Cast Steel. 

5 

! 1900 

9000 

8150 

10 

3000 

12200 

1 12100 

•5 

3900 

13600 

; , 14000 

20 

455 ° 

14450 

, 15000 

25 

5100 

; 15050 

15700 

30 

5500 

, >5500 

16200 

3 S 

5870 

15800 

16500 

40 

' 6180 

16100 

16750 

45 

6450 

16300 

" 16900 . 

50 

6700 

16500 

17140 

60 

7 'So 

16800 

17450 

70 

7530 

17000 

17750 

80 

7900 

17220 

18000 

90 

8250 

17400 

18200 

100 

S570 

17580 

18400 

”5 

9200 

J7930 

18900 


The Magnetic Circuit — Calculation of Ampere-turns required 
to produce Given Magnetic Flux.—Every line of magnetic induction 
forms a closed loop or curve, and the assemblage of the paths followed by 
the magnetic lines is spoken of as the viagnetic circuit. In order to'pro- 
duce a given magnetic flux in a circuit a definite M.M.F. must be applied 

to it, and by analogy to an electric circuit the ratio —’ - is termed 

magnetic flux 

the magnetic reluctance of the circuit. 

We shall now briefly indicate how the ampere-turns necessary to pro¬ 
duce a given flux may be approximately calculated. Let us suppo.se that 
we [rroceed around a closed loop which is a line of induction, and that the 
value of the magnetic flux through every cross-section of the circuit is 
given. Then by dividing the flux by the cross-.section we obtain the value 
of B in every part of the circuit. In the most general case, in passing 
along any line of induction we find that B varies continuously from point 
to point. In order to simplify the problem It is usual to divide the line of 
induction into a number of parts, and to assume that B has a constant 
value along each part. Then if the values of H corresponding to those 
of B be determined by reference to the B-H curves, the sum of the products 
obtained by multiplying each value of H by the corresponding fength of 
the curve gives the M.M.F. Finally, 0.8 of the M.M.F.' gives the ampere- 
turns which must be provided. 

A numerical'exam|)le will make the matter clear. Let it be required 
to find the ampere-turns necessary to produce a flux of 40,000 C.G.^. lines 
across the space between the parallel plane faces of the pole-pieces P P in 
fig' 73i fh* sfea of each po'ie-face being 8 sq. cms., the pole-pieces being of 

r O t 

> Se« ChaiMer I, 
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cast Iron, and the sum of the lengths of the portions aB and CD of the 
dotted line of induction amounting lo ems. Let the length of the air-gap 
between the pole-pieces be .5 cm. Further, let the exciting coil be wound 
on the cylindrical core M, made of wrought iron, 4.5 cms. long and 4 sq. 
cms. in cross-section. 

Of the lines produced by the exciting coil 
at the middle cross-section of the core M, only 
a certain fraction will pass across the plane 
faces of the pole-pieces, a large number leaking 
out into the surrounding air-space, forming / 
closed loops of induction such as the one indi- / 
cated by the chain-dotted curve in the figure, j 
Before we can solve the problem we must know | 
what fraction of the total lines produced in M \ 
will cross the air-gap, where they are wanted. ^ 

The ratio of the maximum flux through M to \ 
the useful flux across p p is termed the leakage 
coefficient of the magnetic circuit. Let us 
assume that in the ca.se considered its value is 
1.3. W'e further assume that instead of a uni¬ 
formly distributed leakage we have to deal with Ki*. 

a leakage which takes place suddenly along 

the edges of the pole-pieces. This is tantamount to assuming that B is 
cons^tant along each of the portions DA, AB, BC, and CU of the magnetic 
circuit. 

Now'consider each of these portions separately, and find the correspond¬ 
ing values of H. In the air-gap H = B = 40.000 ^ joqo. The flux 

O 

through the core M and the pole-pieces is, on account of leakage, 1.3 

*>2 000 

X 40,000 = 52,000. Hence, B in the pole-pieces = - == 6500. 

O 

Referring to the B-H curve for cast iron, we find the corrcs|)onding value 

52,000 

■= 13,000. A reference to the curve for this material gives H «= 12.5. 
The total M.M.F. round the circuit is thus 


of H to be 46. Next, in the wrought-iron core we have B 


5000 X .5 -f- 46 


■f 12.5 X 4.5 •• 3016 approximately. 


Air-gap. 


Wroiight-irt 

core. 


The corresponding ampere-turns are .8 x 3016 = 2413 approximately. 

It will be noticed that by far the largest,portion of tlje M.M.F. is 
employed in mamtaining the flux across the air-gap. Such is frequently 
the esse in practice. 

Calculation of Winding to produce Given Number of Ampere- 
Turns.—A coil may be required to produce a given number of ampere- 
turns either with a given exciting current or with a givtn P.D. acro.ss its 
terminafs. In ttie former case the number of turns is at once obtained 
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by dividing the ampere-turns by the amperes. Thus, in the numerical 
fexample just considered, if the exciting current is given as lO amperes, 
the turns which must be wound on the ccjil are 241* The sizs of the 
wire under these conditions does not, obviously, affect the result, and 
is determined solely by considerations regarding the permissible rise of 


temperature. 

Let us next suppose that V, the P.D. at which the excitation is 
to be produced, is given. In order to calculate the winding we have 
to make an assumption regarding the probable depth of winding, and 
from this to find the mean length of a turn.* Let the length of turn 
so determined b^ /, and let the size of wire be such that the resistance 
of this length is r. If we denote the current by i, and the number of 
turns by S, then, since the total resistance of the' coil is Sr-, we have 

V V . 

» = • , or r = ^ i.e.. 


resistance of mean turn 


_ P.D._ 

ampere-turns' 


Knowing the length / of the turn, we find the resistance of the wire 
per unit of length, rji\ a reference to wire tables then gives the size of 

wire required. 

It will be noticed that in this 
second case (when the P.D. is 
given) the am[x;re-turns depend _ 
on the size of wire u.sed, and 
are (so long as the length of the 
mean turn is not appreciably 
altered) indeiwident of the 
number of turns, or the amount 
of wire used; this latter is deter¬ 
mined solely by considerations 
regarding heating. 

Experimental Determina¬ 
tion of B-H Curve—Ballistic 
Method.- By far the most satisfactory method of finding the relation 
which connects B and H is to use the sample of the material to be tested 
in the form of a ring, such as the one shown in fig. 74. A convenient size 
is one having an external diameter of about 6 inches, a radial depth of 
i inch, and an axial length of i inch, the section being rectangular (it 
would be an advantage to arrange the area of the cross-section to corre¬ 
spond to an exact number of sq. cms.). This ring is wound With some 
too or 200 turns of fine silk-covered copper wire, carefully insulated; this 
winding, wliiqh forms the*secondary or exploring coil, need not be uniformly 
distributed, but may be concentrated over a small portion of the ring. 
Another, uniformly distributed winding, consisting of several layers, and 
forming the primary or magnetizing coil, is then wound round the ring. 
The arrangejnent of connections is shown in fig. 74 . where p and S are 

• . s 

* In electromagnets of moderate site, the depth of winding lies between i and 3 inches. 
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the primary and secondary coils,* rs a reversing switch, AM an ammeter 
for measuring the exciting current, v R a variable resistance, and b the 
battery (of secondary cells) supplying the current. The secondary coil is 
joined in scries with a resistance r of convenient amount and a htllistic 
galvanometer b G— i.e. a galvanometer having a long ix'riod of vibration 
and subject to as little damping as ixissible.'^ 

The problem is to find H, and the corresponding value of B. The 
former is at once found by the method alread\^ explained in Chapter III. 
If i = exciting current in amperes, S, = 'number of primary turns] 
and / = mean circumference of ring, then the mean value of'H over 
the cross-section of the ring is given by 

jT _ I.-.V S| i 

I • 


In order to find B. we observe the throw of the galvanometer obtained 
on reversing the priinaiy' current. If u — cross-section of ring in stj. cms., 
then the change in the magnetic Ilux through ea< h turn of the sccomlary 
coil on reversal amounts to If we suppo.se that the reversal takes 

t secs., then the mean rate of change of ilux—which is numerically equal 
to the mean induced Iv.M.h'. in C.G.S. units—.amounts to iB.r/i’, and the 
total mean E.M.]'. (in C.G.S. units) in the secondary coil is 2BS.j<i//', 
where = number of turns in secondary coil. If now wc sufipo.sc 
that the total resistance of the sccondaiy circuit (including secondary 
• ?pil, g.alvanometer, and the extra resistance r) amounts to r^, then the 

mean value of the induced secondary current is - ^ and as this 

current lasts t .secs., tlie total qu.intily f/ discharged through the gal¬ 
vanometer amounts t(j 

3 B S., o 
: ’ 

whence 



All the quantities on the rigiit-hand side are known except q. The 
final step, then, is to find the connection between q and the corresponding 
throw of the galv'anometer, i.e. to etdibrate the galviinometer 

There are several ways of doing this. The most s.atisfactory is to use 
a standard solenoid (some 4 feet long and 3 inches in diameterJ, uniformly 
wound and having a small exploring or secondary coil inside it at the 
middle. When all the readings h.ive lieen taken with the sample ring, 
the standard solenoid is substituted for it, and the throws obtained on the 
galvanometer scale by reversing a number of gAduall)- inerfrfsing primary 
currents are noted. The corresponding quantities may now , however, be 
easil/ calculated. For since H has the same numerical value as B in this 

I For the sake of clearness in the diagram, p is shown concentrated ver a pt>rtion of the ring; 
in realitjr it is uniformly distributed. 0 ^ 

* Tbe^ost conv^ent form of balJislic galvanometer foi rurryitig out sucli tests is a moving-coil 
galvanomaer of the undamptd type (i.e. without any metallic frame supporting ilxf coilj. 
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case (there being no iron core), 
coil is given by 


the flux through 


1-257 * 

—A ’ 


each turn of the secondaiy 


where S,' = turns in solenoid, /, = current in amperes, — area in 
sq. cms., of one turn of secondary coil, /, = length, in cms., of solenoid 
(see Chapter III). 

By reasoning similar to that employed above in connection with the 
ring, we find for the quantity discharged through the galvanometer when 
a primary current jof r, amperes is reversed the value 

2 X 1.25 7 ^2 ^*1 ^2 

/, r, 

• t 

where S.,' => number of turns in secondary coil of solenoid. Everything 
in this e.\pression being known, we can calculate the quantity. 

A curve maj' now be plotted giving the 
relation connecting galvanometer throw 
with quantity, and this cnlibmtion curve 
may be used for determining the values 
of q corresponding to'the various throws 
obtained in the experiment with the 
sample ring. Formula (1) may then be 
used for calculating B.* 

Traction Methods—S. P. Thomp¬ 
son’s Permeameter.—The ballistic-ring 
method ju.st described, although requiring 
a con.siderable amount of time and exjreri- 
mental .skill, is the most reliable method 
as yet devised for the magnetic testing of 
iron or steel. A rough workshop method, 
in which the value of B is calculated from 
the pull required to separate tsvo mag¬ 
netized surfaces originally in contact, has 
been devised by Professor S. P. Thomp¬ 
son, and will now be briefly described. 

The instrument is shown in fig. 75, 
and is termed by its inventor a “ perme- 
ametcr”. The specimen is in the form of a cylindrical rod, wnich passes 
through one side of a massive rectangular block of iron, technicalJiy termed 
a “yoke", into a magnetizing solenoid, the lower faced end of the rod 
butting against the facrtl inner surface of the yoke. J'he cross-sectional 
area of the yoke being very much larger than that of the rod, B inside the 
yoke will, have a small value, and H in the yoke will be very small in com- 

‘ It must be ptirticiilarly noted that all the quantities on the right'band side of (i)are in C.G.S. 
units. So that if the resistance of ffie secondary circuit is. e.g., given in ohms, then before substituting 
in the formula it ni^st be nmltiplicHl by ic^. % ^ 

» From Prof. Ewing's Induciiim in /rvn And Other MtiaU. By permission. 
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parison with its value inside the rod. We may therefore n^lect the work 
done in carrying a unit pole along a line of induction inside the yoke, and 
assume that the M.M.F. consists entirely of the work done in conveying 
the unit pole inside the rod from end to end of the solenoid. On this 
assumption, H = 1.257 St//, where S = turns in solenoid, i = current 
in amperes, / = distance between inner faces of )’oke. 

The pull required to detach the rod from the yoke having Iwen found, 
we divide this pull by the area of contact (or area of cross-section of the 
rod), thus obtaining the stress per unit of area. If this stress be expres.sed 
in dynes per sq. cm., then, as we have already shown, its value is BvStt, 
and we have a means of calculating B. 

Residual Magnetism—Coercive Force—Hysteresis.—When a piece 
of iron is subjected to the action of a magnetic force which is subsequently 
withdrawn, the induction does not disa()pear, and in general a very large 
fraction of it is retained by the 
specimen. The curve connecting 
B and H is, in fact, for descend¬ 
ing values of H totally different 
from the curve for ascending 
values. This is shown in fig. 70, 
where O I’B is the ascending, 
and lie the descending branch 
of the curve. The induction oc 
which remains in the specimen 
is teTmed residual induction, and 
its value depends, for a given 
specimen, on the ma.ximuin in- - 
duction previously reached by it. 

Thus, if the maximum induction 
had been carried up to the point I) in fig. 76, the corresponding residual 
induction would have been re])resented by ok. The property posses.sed 
by the magnetic materials of retaining a certain amount of magnetization 
after the withdrawal of the magnetic fijrcc is sometimes spoken of as reten¬ 
tiveness. In orfier to wipe out the residual induction, a definite magnetic 
force OF must be applied in the reverse direction, and this force—which 
will, of course, vary with the residual induction—is termed the coercive force 
for that induction. 

If in fig. 76 we consider any value of H—such as 0 0—then corre¬ 
sponding to this value of H we get a value of B which is represented by 
G ri if the specimen is thoroughly demagnetized to start with, and H is 
simply increased from zero to o G. Hut we get the very much larger value 
GK if H is first increased to o M, and then brought down to 00; and the 
still larger value G I- if it is increased to O N, and then redmjetl to OG. In 
fact, corresponding to any value of H we have an infinite number of values 
of B, ‘depending on how the particular value of H has been .arrived at. 
There is thus no definite connection between the.se two quantitie.s, unless we 
specify the manner in which the changes in B> and B take place. When 
we speak of th* “B-H curve”, we always mean the particular curve 



Fie ;li 
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obtained when the specimen is thoroughly demagnetized to start with, 
and when H is steadily increased, and never allowed first to increase and 
then to decrease, or vice versa. 

If, for example, when the point P (fig. 76) is reached we first decrease 
H and then re.store it to its original value, the curve connecting B and H 
will trace out the loop shown by the dotted line, and when H has regained 
its original value, B will have increased by a small amount. 

The facts which we have been considering may Jbe summed up by 
saying that a magnetic material always tends to retain its magnetic 
state—the changes in the magnetic force being always ahead, as it were 

(not as regards time, but as regards 
♦ phase), of those in the induction. The 

term hysteresis, introSuced by Professor 

, ,1_^ Ewing, is used to describe this species 

magnetic inertia. 

/ Hysteresis Loops and their Ex- 

/' / perimental Determination. —If a piece 

E / / of iron be subjected to a series of cyclical 

/ / changes in the magnetic force, consist- 

I / ing of rc[)eated applications of it in 

_/ / opposite directions, the magnetic force 

7 7 H -- increasing continuously from a zero to 

/ N_/m a fixed maximum v.alue, then the curve 

/ '' 'A connecting B and H will take the forfn "f < 

I / a closed loop, as shown in fig. 77. which 

/ / consists of an ascending and a descend- 

/ “ ing branch, the two branches enclosing 

/a certain area. Such a closed loop, re- 
’’ presenting a complete cycle of magnetic 

openitions, is termed a hysteresis loop. 

Kis 77 The e.xpcriraental determination of 

the hysteresis loop corresponding to a 
given maximum value of B or H is a matter of extreme im[X)rtance, and 
we shall now explain how this determination mayjje carried out. 

The loop being symmetrical, it will be completely determined by 
finding either of its two branches. The most convenient method is always 
to start from the corner or peak of the loop, A in fig. 77, and to observe 
the throws of a ballistic galvanometer obtained on passing from A to a 
number of points U, C, n, &c., on the descending branch, the calculation 
of the changes in B and H being carried out as already explained jn con¬ 
nection with the B -H curve.^ In order to pass from A to B, for example, 
all that is necessary is to .“iuddenly reduce the current by an amount corre¬ 
sponding to tlte value of H at that point; and this may be easily done by 
suddenly unplugging resistance in the primary circuit. By varying this 


^ Such Oemagtirtimtion h ctTccteti by subjecting (he specimen to the action of a magnetic force which 
tuuiergoes rapid revers.tie while its amhunt slowly diminishes and uUimaiely vanishes. 

*The 5t>ecimen is^upposeil to l>c in the form of a ring, with primary nnd sA.ondnry coiW arranged 
M explained alHive. 
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resistance, a seri^ of points between A and O may be obtained. In order 
to reach a point (such as E) which lies lower down, to the left of ther 
B-axis, a reversal of current is necessary, but the reversed current must 
have a value much smaller than the maximum corresponding to the points 
A or F. The operation of passing from a to E involves, then, a sudden 
increase in the resistance of the primary circuit, accompanied by a reversal. 

In order to be able to effect these changes conveniently, a reversing 
switch may be used which is connected to a variable resistance R as 
shown in fig. 78—an arrangement due to Professor Kwing. K S is the 
reversing switch, the dotted lines showing the change of connections due 
to throwing over the switch. It will be noticed that when the resistance 
R is plugged up, throwing over the switch from right to left produces 
a simple reversal; but if some 
of the resistance is unplugged,' 
the introduction of this into the 
primary circuit accompanies the 
act of reversal. 

Between every two readings, 

R is plugged up, and the switch 
worked to and fro a number of 
times, so as to produce a .series 
of simple reversals and thereby 
restore the iron to a stead)’ cyclic 
state. 

* "Wliile taking readings corres¬ 
ponding to points lying Itetwecn 
A and D in fig. 77, the switch is 
kept in the left-hand position, 
the reduction of current being 
obtained by suddenly unplugging any desiied amount of resistance. Imr 
points lying beyond l), .such as E, the .switch would be in the right-hand 
position, and the point E would be reached by throwing it over to the left. * 

Energy dissipated by Hysteresis - Stcinmetz’s Law. - When a 
mass of iron is carried through a rajrid succession of magnetic cycles, it 
is found to grow hot. The development of heat is due to the dissipation 
of part of the energy spent in producing the magnetization, and it may be 
shown that the amount of energy dissipated in every cubic cm. of the iron 
during a complete magnetic cycle is directly proportional to the area of the 
corresponding hysteresis loop. 

Referring to fig. 77, let us supprwe that at a certain .stage the point 
L has been reached, and that H incre.ases from I'L to N M, the increa.se 
being suppo.sed small, and the mean v,alue of the current, in C.G.S units, 
during this change* being i. Let ^ = N P be the corresponding change 
in B. l( a ■= cross-section of the ring in sq. cms., then the t.ztal change 
of magnetic flux through each turn of the primary coil is 6 a, and if this 
takes place during t secs,, the average induced K.M.F. is Sbajt, where 
S «■ number of turns in primary coil. Since the current is increasing, 
the induced E.M.B. oppo.ses it, and the power spent in maintaining the 
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current against this E.M.F. is iSbajt’, the power being exerted during 
t secs., tlie total energy .s[)ent in producing the change of flux is iSba. 
Now if / mean circumference of ring, tifen the value of H corre¬ 
sponding to f is H = so that Sr « ^—H/. Substituting this 

value of S i in the expression just obtained for the energj’, we find that 

(dS- 77) 

energy spent in pa.ssing from L to M >= —bH/a. 


But since /« = total volume of iron in cubic cms., we see that in 
passing from L to M we communicate to every cubic cm. of the iron an 

amount of energy equal to ~bH = -i x area of strip PLMN 
4 4 * 

Hence if we pass from G to A, the total energy given to the iron 

will be — times the area GAR. 

4 w 

Now in going back from A to D, the current is decreasing; the in¬ 
duced li.M.F. will help to maintain it, and the ring in giving up its 
magnetism will act as a generator of energy. The amount of the stored 

energy .so returned (by each cubic cm. of the iron) is given by ' time 

I 4 

the area RAD. The remainder, time the area GAD, is not given 

up. Similarly, as the cycle is completed by passing from D through E 

and F to G, a further amount of stored energy, represented by time 

4 “TT 

the area DFG, is not returned. Hence during a complete cycle there is 
an amount of the stored energy, per cubic cm. of the iron, represented by 

— time the area of the hysteresis loop) which is not returned, and which 

fir 

is used up in producing heat. 

We thus sec that -- of the area of a hysteresis loop gives the 
4 Tf 

energy (in ergs) dissipated in every unit volume of the material subjected 
to tlte magnetic cycle. The area of the loop will, of course, depend 
on the ma.ximum value of the induction. As a result of a very large 
number of measurements, Steinmetz found that if B = maximum in¬ 
duction, then the energy dissipated, in ergs per cubic cm. per cycle, 
could be represented by the formula 

where is a constant for a given material, called the hysteretic coefficient, 
and has a vjjue varyingIfrom .cot to .exty for soft iron. 

The result' that for a given material the hysteresis loss varies as the 
l.6th power of the maximum induction is known as Steinmetds Law. 
This law only holds within a certain range of induction, and is not correct 
for either very low or very high inductions. 

* This energy will be expressed tn C.O.S. units, i.e. * 
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Ewing’s Hysteresis Tester.—If we attempt to rotate a welMaminated 
mass of iron in a magnetic field, then although, on account of the lamina-' 
tion, there will be no appreciable resistance due to induced eddy currents, 
yet a considerable resistance will be encountered by reason of the dissi¬ 
pation of energy by hy¬ 
steresis. The resistance 
to the motion will in¬ 
crease in proportion to 
the energy dissipated (ler 
cubic cm. fX!r cycle. 

A highly ingenious 
yet simple in.struinent for 
the comparative testing 
of the hysteresis loss in 
sptecimens of sheet iron 
or steel has been con¬ 
structed on this principle 
by Professor Kwing, and 
is shown in fig. 79. Hd- 
tween the poles of a per¬ 
manent m.agnet supported 
on a horizontal knife- 
edge and provided with a 
pointer which moves over 
a scale is rotated the 
sftecimen to be tested, 
which takes the form of 
a few strips of the sheet- 
metal held in a suitable 1 it Emuj' 

clamp. The greater the 

hj’stercsis lo.ss the larger will be the angle through which the pointer is 
deflected. 


CHAPTER VI11 

PRI.MARV HATTKRIES 

Simple Voltaic Cell and its Defects.—Before the introduction of the 
dynamo, the only practicable method of producing electric currents was 
by means of primary cells. Since the ad\cnt of the rlynamo, however, 
primary cells have become much less important, and in many cases where 
until recently they were largely employed, they are now beinp superseded 
by secondary cells. There is little doubt, however, that for certain pur¬ 
poses—such as electric bells, &c.—they will always continue to be u.sed. 
Further, we have the important class known as standard cells, which 
form the commonly employed standards of E.M.F., and •have for this 

r From Frofa&or Ewing’s MagnttU Induction in Iron and Other Afetais. By permission. 

Vot I. 




8a ELECTRIC AND MAGNETIC MEASUREMENTS ' 

reason been very carefully studied. In view of these facts, no account of 
the subject of electric measurements would be complete without a reference 
to primary cells. < 

A typical form of rudimentary or simple voltaic cell consists of a plate 
of copper and one of zinc in dilute sulphuric acid. One great objection 
to this form is the waste of zinc taking place during the time that the 
cell is not in use, since ordinary commercial zinc is readily attacked by 
sulphuric acid. In order to remedy this defect the practice of amalga¬ 
mating the zinc, or coating it with a thin layer of mercury, was introduced 
in 1828 by Kemp. The coating of amalgam is found to afford a very 
effective protection to the zinc. The readiness with which ordinary zinc 
is attacked by the acid is due to impurities in the zinc; these impurities 
when in contact with the acid form little voltaic ceHs witji the zinc, and 
since the circuit of such cells is closed through the contact of the impurity 
with tfie zinc, a local current flows from the impurity to the zinc through 
the point of contact, and from the zinc back to the impurity through the 
acid, causing the zinc to go into solution. For this reason the waste of 
zinc which goes on when there is no current being taken out of the cell is 
generally referred to as “ local action”. 

There is, however, another very serious defect in the simple voltaic cell 
under consideration. As soon as the cell is allowed to send a current, the 
sulphuric acid is split up by it into its constituent ions—and S O4—the 
former appearing at the copper plate, the latter at the zinc plate, which 
it attacks, forming Zn S O4. The hydrogen which appears at the copper 
plate partly escapes, but .some of it adheres to the plate, and giveS^ri^’ 
to an effect known as “polarization”, which consists in a lowering of the 
E.M.F. of the cell. A plate of copper coated with hydrogen bubbles does 
not, in fact, behave like, an ordinary copper plate. A simple experiment 
is sufficient to show the difference. If into a vessel filled with dilute 
sulphuric acid we introduce a plate of zinc and two newly cleaned plates 
of copper, then on connecting a galvanometer between the tivo copper 
plates, no'appreciable current will, in general, be found to flow, showing 
that there is no potential difference between them. But if one of the 
copper plates be connected for a time to the zinc plate through an 
external resistance, and a deposition of small bubbles of hydrogen be 
thereby produced, then on introducing a galvanometer between the two 
copper plates a current will be found to flow round the external circuit 
from the unused plate to the one coated with hydrogen. The hydrogen, 
then, introduces an opposing E.M.F. into the circuit of the cell, and as 
a consequence there is a rapid fall in the current 

The effect of polarization would not be so serious were it-constant, 
but it vari^ continually and irregularly as the hydrogen bubbles become 
detached from the copjjer plate. 

In additioh, the hydrogen has a mechanical effect, in that it reduces 
the activAe area of the copper plate. 

In order to obviate this defect some means must be taken to prevent 
the deposition -of hydrogfen on the positive plate 

The various forms of primary cell differ from one another'mainly in- 
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Fi£. 80. Danicll Ceil 


the means adopted for counteracting polarizatioa VVe shall here describe 
only the more important types of primary cell. 

The Daniell Cell and its Modifications.— In this form of cell, which 
is shown in fig 80, (xjlarization is prevented by the use of two electrolytes 
—copper sulphate and sulphuric acid—separated from each other by a 
porous pot (of unglazed earth- 


enware). The cylindrical plate 
of zinc and dilute sulphuric 
acid ‘ are contained in the 
porous pot, while the external 
containing vessel is filled with 
a saturate solution of copper 
sulphate, the copper plate sur¬ 
rounding the porous pot. 

When a current passes 
through the cell, S O, appears 
at the zinc plate, and causes it 
to go into solution. The 
which is split off from the last 

molecule of Hj S before the Cu S O, is reached attacks this latter, re¬ 
forming HjSO^, and the action is transmitted through a chain of CuSOj 
molecules, until the last molecule is reached, whose Cu is deposited in the 
form of metallic copper on the cop[)cr plate. The final result, then, is the 
solution of zinc and the deposition of copier on the copper plate. At 
the same time the outer liquid gets poorer in Cu S O^, and in order to 
supply the deficiency it is u-sual to have .. 'upply of 
Cu S O, crystals in the outer vessel, so as to main¬ 
tain the solution satuiated. 

The snbstiince, then, which prevents polarization 
—or, as it is technically termed, the dtpolarirtr —in 
the Daniell cell is a liquid—cop[M;r sulphate solution. 

Numerous modifications of this cell I ive been 
devised. One of the most important of '.t^ese is the 
Minotto cell. It consists of a cylindrical glass jar, 
with a disc of copper (to which is riveted a connect¬ 
ing wire) at the bottom of the jar, a layer of crystals 
of Cu S Of above the disc, then a layer of blotting- 
paper or cloth, followed by a thick layer of sawdust 
or clean river sand, another thickness of blotting- 
paper, and finally a disc of zinc with a column sup¬ 
porting the terminal. The cell is, to start with, filled 
with water slightly above the level of the disc of z’nc 
used in India for telegraph circuits. 

The Bichromate Cell. —This is shown in fig. Si. 
be provided for lifting the zinc cut of the liquid when the cell Is not in 
use, in order to prevent the form.rtion of an inv>luble '.hromium salt on 
the surface of the^.inc. 

* 'Fhis gradually bcf.oute • onuminated /n ^">4 dunni; • 



Fig. Bi.—Ilichronuiu Cell 

This cel> is largely 
Arrangements must 
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The Leclanchtf Cell and its Modifications.—One form of Leclancbd 
cell is shown in fig. 82. 

The zinc is in the form of a cylindrical rod, and the other plate consists 
of a block of carbon. The liquid used is a solution of sal-ammoniac, 
and the depolarizer is mangane.se dioxide (Mn O^). 

When the cell is in use the zinc dissolves, forming ZnCl,, and the 
NH,—which is the cation of an NHjCI molecule—is acted on by the 
MnOj, according to the equation 

2NH, -I- 2MnOj = M1UO3 + HjO -t- NHy 


Various othct forms jf Leclanchc cell have been devised, and the 
so-called “dry cells” arc simple modifications of it. 



M 

1,. ', ...- 

1 


I 




1 


Fig. 83.—Leclaiiclii Cell 



The Leclanchd cell, if used for intermittent work, is the least trouble¬ 
some of all primary cells, and will \vork for months without requiring 
any attention. It is very largely used for bell and telephone work and 
testing purposes. 

Standard Cells—The Cadmium or Weston Cell.—This cell, which 
has superseded the Clark cell in the definition of the practical unit of P.D. 
and E.M.F., is usually made up in the H form, as shown in fig. 83. 

The negative element consists of a cadmium amalgam—i part of 
cadmium to 6 parts of mercury. The positive element is formed of 
pure mercury, over which is placed a paste of mercurous sulphate. The 
remainder of the cell is filled up with a saturated solution of cadmium 
sulphate, crystals of cadmium sulphate being placed on the top of the 
negative element to ensure that the solution is always saturated. Con¬ 
nection is made to positive and negative elements by platinum wires 
sealed throtigh the glass‘of the side tubes at their lower ends. The tubes 
are closed by a layer of paraffin wax, a cork, and then sealed with sealing- 
wax. 

The F..M.F. of this cell is 1.0184 volts at 20° C., and only changes 
.00005 volt i)er_^ degree centigrade change of temperature. 

This gives, the cell, for use as a standard of E.M.F.,^a great advantage 
over the Clark cell, which has a larger variation of E.M.F. with temperature. 
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The Clark Cell. —The construction of this cell, which is still com¬ 
monly used as a standard of E.M.F., will be understood by reference to 
fig. 84. 

The containing vessel consists of a glass tube, and contact is made 
with the mercury by means of a platinum wire sealed into a glass tube, 
as shown. .Above the mercury is a pa.stc 
consisting of mercurous sulphate and a 
saturated solution of zinc sulphate. The 
insoluble mercurous sulphate, which acts 
as the depolarizer, settles down on the 
top of the mercury, leaving a la>’cr of 
clear solution of zinc sulphate above it. 

In order to maintain the solution .satu¬ 
rated at all temperatures, a few crystals 
of the salt are added, and these may be 
generally seen resting on the top of the 
mercurous sulphate. 

The cell constructed as described 
possesses several dis,advant.ages, and 
numerous modifications of it h.ave been 
suggested and u.sed. In order to render 
it more portable. Dr. Muirhead dis|)ensf;s 
with the large m.iss of mercury at the bottom of the cell, and for it sub- 
. .atitutes a flattened spiral of platinum wire, which has been amalgamated 
by heating to redness and plunging into mercury; the small amount of 
mercury retained b)' the spiral is quite sufficient, and this arrangement 
renders the cell much more convenient to handle. 




The E.M.F. of a Clark cell at 15' C, is 1.434 volts, and the E.M.F. at 
any other tcrapefature C. is given by , 

1.434 { I - .00077 (t - 15) }. 

Grouping of Cells in a Battery. -Suppose that we have a number 

* • 

A Froiv^Pri/nar/ byW. R. Cooper. ("The Ilkarician" PrinUng.and Publishing Cat 

By permission. 
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H of precisely similar cells, each having an electromotive force E and 
internal resistance r, and that we connect them in series as in fig. 85, 
with a conductor of resistance R joining tljeir poles. 

The whole electromotive force of the circuit will be « E, and the whole 
rc.si.stance will be «r + R; hence the strength of the current will be 


I = 


« E 

«r + R’ 


This equation shows that, if the external resistance R is much greater 
than the resistance «r in the battery itself, any change in the number of 
cells will produce a nearly proportional change in the current; but that 
when the external resistance is much less than that of one cell, as is the 
case when the poles are connected by a short thick wire, a change in the 



(.'ells witb Simil.'tr Dales connecteil 


number of cells affects the numerator and denominator almost alike, and 
produces no sensible change in the current. It is impossible by con¬ 
necting any number of similar cells i/t series to obtain a current exceeding 
E 

which is preci.sely the current which one of the cells would give alone 

if its plates were well connected by a short thick wire. 

It is ]X).ssible, however, by a different arrangement of the cells to obtain 
a current about « times as strong as this, namely, by connecting all the 
positive plates to one end of a conductor and all the negative plates to 
the other pnd, as in fig. 86. The arrangement is equivalent to a single 
cell with plates three times as large superficially and at the same distance 
apart. The electromotive force with « cells so arranged is simply E, but 

Y 

the total resistance is only - -f R, so that the current is 
' n 


K 


-h R 


fill 

r -p « R 


Cells arranged in this wa\- arc said to be in parallel. 

From the above equation it is apparent that if R is negligible com¬ 
pared with r the current is proportional to the number of cells in parallel. 
On the other Ifhnd, if R is very large compared with r,^n increase in the 
number of cell's will make no perceptible change in the current. 
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In practice the cells in a battery are usually arranged in a way which 
is a combination of the two arrangements. 

Thus q groups, each consisting of f> cells in serits, are connected in 
paralltl. 

The total E.M.F. is then/E, and the total resistance is ^ + R. 

The current is therefore 

JLK K 


1 


tr + R r + 


Since pq = n, the total number of cells, the product of - and is 
constant. ‘I P 

Consequently the sum of - and is a minimum when ~ 

9 P IP 

Therefore 1 is a miLvimum when = . b'or maximum current then 

y P 

p and q have to be so chosen that R = or the arrangement has to 

be such that the internal resistance of the battery is as nearly as possible 
equal to the external resistance through which the current has to be 
passed. 


‘ ft is. of course, impossible in nuiiy esses lo aiiiin,;c lor es.ict cnu.iliij, since/ And y .11 


e n<H ess4rily 





2. Alternating-Current Measurements 


CHAPTER I 

THE REPRESENTATION OF SIMPLE ALTERNATING CURRENTS 


Introductory.—An alternating current is one w'liich, instead of flowing 
continuously in one direction round a circuit, periodically reverses its 
direction. The time which elapses between successive reachings of zero 
value in the same direction is defined to be the period of the alternating 
current, and the current is said to have completed one cycle during this 
time. The number of complete cycles performed per second is called the 
frequency. Clearly an alternating current may vary in any manner, but 
for practical purposes it is sufficient to consider only those currents in 



I'ig. 



which the successive halves of any cycle are similar. Although the pre¬ 
ceding remarks have been confined to currents it must be understood that 
they apply equally well to E.M.Rs, P.D.s, and magnetic fluxes. 

Production of an Alternating E.M.F.—A simple alternating K.M.F. 
may be produced by rotating a loop of wire with a uniform angular 
velocity in a uniform magnetic field, as shown in fig. la. 

Let the loop be rotated in a countcr-clockwi.se direction (fig. li), and 
let time be measured from an instant when the loop is in a horizontal 
plane with the conductor A to the right. 

Let A t= area enclosed b)’ the loop. 

H = strength of the magnetic field. 

« = flux embraced by the loop at any time /. 

N nu.. = maximum flux embraced bv the loop. 

e = E.M.F. generated in the loop at any time /. 

10 ^ angular velocity of the loop. * 
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At any time / the angle through which the loop has rotated will be ut, 
and therefore 

« = H A cos <0 

Since the E.M.F. generated in the loop is equal to the rate of change 
of the magnetic flux linked with the loop, and is opposed to the direction 
of change, 

# = — ^^(HAcosw/) 

= H A (0 sin 0) /. 

But H A = N ma... 

e = N a> sin ft) /.C.G.S. units. 

•s 

From this equation it will be seen that the E.M.F. is a simple sine 
function of the time, and may be represented as shown in fig. 2. 



Since during the time the loop rotates through an angle 2 t, the 
E.M.F. goes through one complete cycle, the period T of the E.M.F. is 

equal to . 

ft) 


Or if / »= frequency 



The equation for the E.M.F. may now be rewritten 

e ■= 2 ■tt/N sinft)/.C.G.S. units. 


The conditions will not be altered if a magnetic flux varying according 
to the equation « = N„aj.cosft)/ is interlinked with a statioMry loop; 
and, as before, the E.M.ff. generated in the loop will be 

g * 

^ = 2 x/N 

OUUI. sin ft) r.C.G.S. units. 

This is a simple case corresponding to the production of an E.M.F. 
in a static transformer, while the former case corresponds to the generation 
of the E.M.F. irfa rotational machine. 

In either case, if the loop consists of S turns so concentrated ^hat they 
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all cut the same flux and at the same time, the E.M.F. is multiplied S 
times and the equation becomes 

t ■« 2ir/SN„ux. sino)/.C.G.S. units. 

The E.M.F.s and currents in practical machines are seldom simple sine 
functions, but contain harmonics of the fundamental. For the present, 
however, our attention will be confined to pure sine functions. 

Vector Representation.—Such functions may be very conveniently 
represented by a vector, whose length represents to some scale the maxi¬ 
mum value of the function, and which rotates with a constant angular 

2 TT 

velocity equal to ^ > where T is the period of the function. 



For instance, let A B in fig. 3 represent the maximum value K of 
an E.M.F. acting in a circuit. 

Let the E.M.F. vary according to the equation e = E„,,, sin(w/ + fl). 

The vector A B rotates about the fixed end A with a constant angular 
velocity w. The direction of rotation is a matter of indifference, but f< 5 r 
the sake of uniformity the International Committee for Electrical Symbols 
has laid down that the direction of rotation shall be counter-clockwise. 

At any instant the projection of A B on the vertical axis y'V represents 
the value of the E.M.F. e, to the same scale as a B represents E 

At the instant shown in the above figure, AC is the projection of 
AB on the vertical axis. 

And Om = AC = A Bsin 0 = F.sin A 

This refers to the instant when t = O. At a time t .secs, later the 
vector A B will have moved into the position A b', and a d is now the 
projection on th 4 vertical axis. • 

And / ^ ■= AD = A B sin (oi r •+ 0 ) = E sin (a) / -J- B). 

The ordinates of the curve drawn through s^uch points as m, q, &c., will 
thus represent the instantaneous values of the L.M.F., the'maximum value 
of which* is repreiented by A B. 
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It is usually more convenient to exptess the abscissa in terms of 
angles' rather than times, and this has been done in the above figure. 

The value of e is zero when utt is equal to - 6, (ir - 0 ), (2 ir - fi), &c. 
The curve of e is, in effect, a sine curve displaced to the left along the 
axis of abscissa by an amount 6 from zero. 

The value of a vector diagram becomes apparent when a circuit having 
several variables of the same kind or of different kinds is considered. For 
example, let two E.M.F.s, of which E, „ai. and Ej^,, are the maximum 
values, exist in a circuit, and let their instantaneous values be given by the 


equations 

, ei = Ei„„.. sinoi/. (a) 

f-t = sin(wr+ . -{ 6 ) 

Let* also the instantaneous value i of the current flowing in the circuit 
be given by 

t = Ima., Sinwt.(c) 


The magnitude of the maximum value of the resultant E.M.F. in the 



circuit, and the angle of phase difference between the current and the 
resultant E.M.F. can readily be found by means of a vector diagram. 

In fig, 4 let the vector AB represent From equation { 6 ) it 

will be seen that is ^ ahead of 

Therefore A C drawn j.t right angles to A B and of length representing 
the magnitude of E.,,„„. will represent Ej„ax. maghitude and phase. 
E MX,, the maximum value of the resultant E.M.F., will be represented by 
the vectof a u obtained by completing the parallelogram A B D C, for the 
projection of A D on the vertical axis is at every instant equal to the sum 
» ^ 

1 Since T is to the number of seconds taken to complete one cyclC|^it is a sim^e matter to 
convert ‘‘angles" into "times", if this is required. 
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of the projections of AB and AC; i.e. r - /, + /„ where t is the instan> 
taneous value of the resultant E.M.F. 

The vector A F of length representing the magnitude of I and 
drawn coincident with AB (see equations (c) and (<r)), will represent I 
the maximum value of the current, in magnitude and phase. The angle 
FAD = </> is the angle of phase difference between the current and the 
resultant E.M.F. The sine curves on the right of fig. 4 are plotted from 
the rotating vectors on the left, and show the instantaneous values of the 
various E.M.F.s and the current. 

The vector diagram may be \ery rapidly drawn, and gives simply and 
effectively the information required. As will be seen later, the vector 



the current tahen over one lialf period between successive sera values of 
the current; i.e. it is the greatest mean value uhich can be obtained over 
any half period. 

Thus, let an alternating current, as shown in fig. 5, be represented by 
the equation f = I„„. sinw/. 

Then the mean value is 

rT . T 

f mean “ J ’ ^ mt dt ^ 

^ mean “ ^ ma* " j "" iot la. 

1 ft) Jo 


Or since w = ~ 


1 m^an — .'P 1 max. ~~~~~ T ” / "li 

1 2 T L ’ 1 Jp 

~ 1 itia.x ” *636 I max. 


The mean value is not of itself important, as .vil! be seen later, is 
involved in the form factor. ' 

The SfTective^vahie of an aifpm.Trtfirr riirT-^-nf oressuVe is, however, 
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of great practical importance, since the power developed depends on the 

effective values. o »»tf 

The effective value of an alternating current or an alternating t-.M.f. 
may be defined as equal to the value of that continuous current or E.M.F, 
which will produce the sa/w heating effect when acting in any given circuit 

Let i = instantaneous value of the alternating current 
I = effective value of the alternating current, 
r = resistance of the circuit. 


Then from Joule’s Law the mean rate of heat production is 
FV = j^i-r</t T 

* “ T L Y" ^ 

lY = -"I--'' /’ i ( I - cos(it 

21 L 4 TT r Jo 

Or 12 

2 

and 1 = = .707 : 


In a similar way 


w 

17 _ max. 

- Vi • 


Instead of the expression “ effective value" the expressions '* v;'' lal 
value" or “root-mean-square value” (R.M.S. value) are frequently us' 1— 
the latter owing to the fact that the effective value is obtained by ti - ing 
the root of the mean of the squares of the instantaneous values. 

Form Factor.—The form factor is defined to be the ratio of the 
effective to the mean value of the wave. 


-p, effective value 

thus y — .——, 

mean value 


where y = form factor. 

In the case of a pure sine wave, we obtain, using the results dev( 
above. 


max. 



ped 


The form factor is of importance in determining the effective value 
when the 'mean value is known. This may be illustrated by m<ans of 
the simple example of a loop rotated in a magnetic field, and already 
referred to in the earlier part of this chapter. On referring to fig. 2 it 
will be seen that during one complete cycle the flux faVs from 'a maxi- 
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mum to zero, rises from zero to a maximum, falls from a maximum to 
zero, and again rises from zero to a maximum. In other words, the flux 
undergoes changes of equal amount It should be particulariy noted 
that this involves no assumption as to the wave form of the flux other 
than that it is symmetrical. 

It follows, therefore, that the rate of change of flux 

^ 4 ^ nm. 

T 

K m«an ~ 4./'Nin»*. tO * VOltS. 

Since no assumption has been made as to the wave form of either the 
flux or the E.M.F., it follows that Emon is determined by and is 

entirely independent of the wave form. 

By the use of the form factor the effective value of the E.M.h'. may 
be readily obtained. Thus for a pure sine wave 

E — 1.11 E me,,, 

- 4 - 44 /N„u,, 10 -' volts. 

This is in agreement with the equation deduceil above, viz.— 

<• = 2ir/Nm„, sin at .C.G.S. units. 

For K,„„ = 2 t/N„,.,. 10-'volts. 

And since E = --"S: 

• sj 2 

E «= 2 x/N„„, 10'® volts 

= 4.44/N„„, 10-® volts. 

In the case of wave forms containing harmonics the effective value of 
the E.M.F. can in this way be readily calculated if the maximum flux and 
the foim factor are known. 

Notation.—For the sake of uniformity the following notation fot 
currents, E.M.F.s, and P.D.s will be adhered to throughout this article:— 
(a) Small letters indicate instantaneous values, thus 

i = instantaneous value of the current. 

Ifi) Capitals without suffix indicate effective values, thus 
I = effective value of the current. 

(c) Capitals with suffix max. or mean indicate respectively maximum 
or mean values, thus 

I mtt. * maximum value of the current 
I BMu, = mean value of the current. 

(</) Capitals with a dot below indicate vector quantities, thus 

= the current considered a\ a vecton and not as an 
algebraic quantity. 
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CHAPTER 11 

« 

INDUCTANCE 


When dealinjT with the flow of direct or continuous currents through 
any circuit it is suflicient to know what is the resistance of the circuit, in 
order to determine the strength of the current that will flow when a given 
potential difference is applied to the terminals. With, alternating currents, 
however, other properties of the circuit have to be taken into account 
The magnitude of the alternating current that will flow depends not only 
on the resistance hut on the shape of the circuit, i.e. on the way in which 
the parts are arranged relatively to each other. 

The reason for this is at once arrived at from the fact that the magnetic 
field set up by an alternating current, around the wire in which the current 

flows, varies continually as 
the current varies. 

Since any variation of the 
magnetic flux linked with a 
circuit gives rise to an E.M.F. 

, i proportional to the time rate 
of change of the interlinkages 
between the flux and the cir¬ 
cuit, it follows that a factor is 
introduced when alternating'' 
currents are considered, which 
does not exist when steady cur¬ 
rents have to be dealt with. 
The number of interlinkages is dependent on the size and arrangement 
of the parts of the circuit. By a suitable disposition of the parts of the 
circuit it is possible to reduce the number of interlinkages to a minimum. 

• The above statements may be investigated by means of a simple 
example. For instance, let us consider the ca.se of a circuit in the form 
of a loop consisting of s turns (see fig. 6) in which an alternating current 
of instantaneous value i absolute units flows. 

The instantaneous value n of the flux produced by this current is, in 

accordance with the law of the magnetic circuit, given by n = 

P 

where p is equal to the reluctance of the magnetic circuit in which n 

exists, that is S —• 
p.a 

Also the instantaneous value r„- of the E.M.F. induced by the varying 
flux is givert by ' 



Inserting the value of n just obtained. 


d / 4 TT r « \ 

dt\ o y 


iPftDUCTANCE ^ ^ ^ 

We may replace 4 -^ by the coefficient L, thus giving 

t„ =. . 

Coefficient of Self-induction.—The coefficient L is known as the 
coefficient of self-induction or simply as the inductance, and may be defined 
as follows:— 

“The inductance of a circuit is the number of interlinkages of the 
circuit with the lines of magnetic force produced by unit current in tlie 
circuit 

In accordance with this definition, L = '^ absolute units, if i is in 
absolute units. From which we obtain, by inserting the value of n, 

L = =, ab.solute units, 

t\ p I p 

which is the expre.ssion for L which we have already made u.se of above. 

Mutual Inductance.—Mutual inductance is similar in its nature, and 
may be similarly defined as follows:— 

“ The mutual inductance of two circuits is the number of interlinkages 
of the one circuit with the lines of nnignetic force produced by unit current 
flowing in the other circuit". 

Inductance, whether self or mutual inductance, depends upon the 
•reluctance of the path of the flux, and is, therefore, not necessarily 
constatit. 

Where the flux path includes magnetic materia! the inductance is not 
constant, but has a different value for every value of the current. The 
flux of self-inductance in practical machines is usually spoken of as the 
leakage flux. In many cases the reluctance of the leakage path may be 
taken to be practically constant, and the inductance may, therefore, be 
considered constant. ' 

Units of Inductance.—Following the definition of inductance, the 
absolute unit of inductance may be defined as the inductance of a circuit 
in which the number of interlinkages of the circuit with the lines of 
magnetic force, produced by one absolute unit of current flowing in the 
circuit, is unity. Since a current varying uniformly at the rate of one 
absolute unit per second will give ri.se to a steady induced E.M.F. 
numerically equal to the inductance of the circuit, the absolute unit of 
inductance may alternatively be defined as the inductance of a circuit in 
which one absolute unit of E.M.F. is induced by a current which varies 
uniformly at the rate of one absolute unit per second. It is on this basis 
that the practical unit of inductance—the henry —is usually de§ned. Thus 
a circuit in which an E.M.F. of i volt is induced by a 'current which 
varies uniformly at the rate of i ampere per second is said to* have an 
inductance of i henry. The henry has the value to' in terms of the 
absolute e.G.S. unit. * 

Energy Stor^ in a Magnetic Field.—If a steady E.M-.F. be applied 
to an inductive g^cuit the current will rise until it attains a final value I. 

, rot r r • 7 
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During the rise of the current, energy’ is being storeld not in the circuit 
itself but in the magnetic held linked with the circuit. In order that the: 
current may rise, a component r,, of the applied E.M.F. must be devoted 
to overcoming the self-induced E.M.F. 


fii 


The rate at which energy is being given to the circuit is t, therefore 
W, the stored energy, when the current has reached its final value I will be 

- I 


W = / 

^ f 

But »• - 




dt 


and = 


^(LO 

~ir 


A 

“ f Lidi 

’ O 

= .ILF. 


If L is in henries and I in amperes, 

\V = i L F joules. 


In highly inductive circuits, such as the field windings of machines, 
the stored energy is very considerable, and disastrous results may follow 
the sudden opening of such a circuit. The stored energy is suddenly giv^n 
up by the collapse of the magnetic field, and the e.Kcessive voltage thus 
induced may wreck tjie insulation of the coils. For this reason special 
arrangements are made on all large machines whereby the field current 
is gradually and not suddenly brought to zero. 

Inductive Reactance. — Let us now return to our e.xample of a 
circuit consisting of a loop of s turn’s, and let the current be given by the 
’equation 

i = IinM. sin«>/- 


The self-induced E.M.F. will then be 
._rf(L0 

- -rf,- 

= - Li--(U„ sinw/), 

since the inductance L of the loop is constant. In order to overcome* 
tti and cause the current / to flow an applied E.M.F. .equal and 
opposite tp e,i must bf^ provided (it being assumed that the circuit is 
without resistanci), 

^ * E OH*, sin CO/) 

“ (0 L I ouut. cos CO t. 

4 

* This 18 ttnalog\>us to the storage of kinetic energy in a body accelerated to a steady vdodty. 

*The dilTerence between the self-induced E.M.F. and the E.M.P. recMired to on-rromf it must 
always he clearly borne in mind. 
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From these equations we see that leads the current i by while 

lags behind i by the same amount. It is more usual to think of the 
phase position of the current relatively to the E.M.F., and it will lx: seen 

that in a purely inductive circuit the current lags by an angle - behind 
the applied E.M.F. ^ 

In fig- 7 . in addition to the curves of <r„-, e^., and /, the curve of the pro¬ 
duct I has been plotted. The area included between this curve and the 



horizontal axis represents the energy alternately stored in and restored by 
the magnetic field linked with the circuit. For the sake of clearness this 
area is shown shaded in the figure. It should be particularly noted that all 
the energy given to the circuit is subsequently restored, i.e. the positive and 
negative areas are equal, and that therefore the net energy supplied to the 
circuit is zero. 

From the equation e^ = to hi cos tot. we at once obtain 

I-L max. “ /I) E I max. 

^ and El = oi L I; 

or the effective applied E.M.F. E,. is equal to L times the effective cur¬ 
rent 1. 

The factor oi L may be replaced by a jingle coefficient x,,. This co¬ 
efficient is called the inductive reactance. 

4 -l = ft)L = 2ir/L 

The reactance in an inductive circuit therefore varies directly as the 
frequency. 

A reactance hjs the dimensions of a resistance, and the ijractical unit 
of reactance is i ohm. The expression for the effective value of the applied 
E.M.F. in a purely inductive circuit therefore becomes 

E = 1 jr,, volts, 

where I is^the effective value of the current in amperes, and*.*-,, is the induc¬ 
tive reactance inyhms. 
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CHAPTER III 

CAPACITY 


When a condenser, say for example a pair of metallic plates seoaratH 
by an air space, is conntctcd to, a source supplying a steady EMF a 
current will flow moraertarily until a quantity Q of electricity has'been 
transferred to the cond. nser. The quantity Q stored upon the plates of 
the condenser per unit P.D. between the plates is defined to be the 
capacity of the condenser. 

Thus, if in the above example V is the P.D. at the terminals of the con¬ 
denser, and C is its caps-i:y, * 

Q = CV. 


In the f.ise of a steady applied E.M.F., the flow of current ceases as 
soon as the condenser ha-- re¬ 
ceived its charge Q (see fig. S). 

If, however, an alternating 
E.M.F. is applied to the con¬ 
denser, an alternating current 
will flow in the circuit, and will 
continue to do so as long as 
the E.M.l*'. is applied, for as 
soon as the E.M.l’'. has reached 


E>- 


■H 

Fig. 8 
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its ma.ximum in the pr sitive direction and the condetrser has acquired its 
full charge, tlie E.M.E'. begins to fill and the condenser gives up its charge, 
thus causing a currei t to flow in the opposite direction, which continues 
until the E.M.F. has reached its maximum in the negative direction, and 
the condenser has acquired its full charge in the opposite .sense. As the 
E.M.F. falls to zero this charge is given up by the condenser, and a current 
flows in the origin.il diiection and continues until the E.M.F. has risen to 
a positive _ma.ximuni. an^d the condenser has again acquired its’full charge 
in the origjnal sense. The cycle of events then repejits itself, the alter¬ 
nating E.M.F.' thus caui.ing an alternating current to flow in the circuit 

The -action of a condenf.er may be well illustrated by an hydraulic . 
analogy. 

Thus, let AB (fig. 9) Ire a closed pipe filled with water divided into two 
sections a and B by the piston P and a rubber diaphra.gm D. 

Jf now a steady force F be applied to the piston frSi^ right to left, the ■ - 




tm 

piphn^ t> will be distort^ as shown in fig.'9^ A flow of water affU tak9 
i>tace up B and down A, but this will ceast as soon as D has reached the 
distortion corresponding to the force F. 

If now a force acting alternately in opposite directions be applied to P, 
the diaphragm will be distorted first in one direction and then in the other, 
an alternating flow of water taking place in A and b. The alternating flow 
of water produced by tl e alternating force applied to p corresponds to the 
alternating current proc >ced by the alternating E.M.F. in the electric cir¬ 
cuit, and the distortion of the diaphragm corres|)onds to the strain produced 
in the dielectric between tt.e plates of the condenser. 

It should especially be noted, that provided no leakage takes place 
through the diaphragm or the dielectric, that no transference of in the 
one case water, nor in the other of electricity, takes place from the one 
section of the circjit to the otiicr. 

The amount (if distortion of the diaphragm for a given force applied to P 
is clearly dependent on tlie size and material of the diaphragm, just as the 
charge given to a condenser by a given E.M.F. is dependent on the area 
and thickness of the diehrctric between the plate.s and the material of the 
dielectric. If the force applied to the piston is increa.sed until the diaphragm 
breaks down, a transference of w.iter will take place from the one side to 
the other. Similarly, if the K M.F. applied to the electric circuit be 
increased until the dielectric of the condenser breaks down, a spark will 
pass from the one plate of the condenser to the other, and a transference 
of electricity will thus take place tnrough the condenser from the one 
section of the circuit to the other. 

Practical Unit of Capacity.—The practical unit of capacity is the farad, 
and is defitied as the capacity of a condenser to which a charge of i coulomb 
is given by a difference of potential of i volt between its terminals. 

This unit is inconveniently large for practical use, and the microfarad 
(= io"‘ farads) is invariably employed. 

Capacity Reactance.—Let us consider a circuit having zero resistances 
and inductance, and containing a condenser of capacity C. 

Let the circuit be the seat of an E.M.F. given by the equation 

c «> H anx. sin (t) t. 


The charge q of the condenser at any instant is 9 = C v, where v is the 
P.D. between the terminals of the condenser. 

Since a current is equal to the rate at which electricity is conveyed by 
it, the current 1 at any instant is given by 



Or inserting the value of q, 

• - ic:-) 



sinw the circuit is^ithout resistance and inductance 
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' dt 


= C^(Em», sin 

— ft) C! E max. cos CD tt 


f nux. ~ tt) C E II 


The current therefore leads the E.M.F. by and has a maximum value 

equal to CD CE max. 

In fig. 10 curves of e, t, and the product « are shown. The area in¬ 
cluded between'the last mentioned and the horizontal axis represents the 



energy alternately given to and restored by the condenser. As in the case 
of the purely inductive circuit, the net energy given to the circuit is zero, 
jn this case the energy is stored in the electrostatic field produced between 
the plates of the condenser. In practical conden.sers other than those with 
an air dielectric, a certain amount of energy is required to supply a loss in 
the dielectric analogous to the hysteresis loss in a magnetic material. In 
such a case therefore the energy supplied exceeds the energy restored by 
an amount equal to the dielectric loss. 

From the equation developed above ■ 

I = <dCE 

1 ’ I 

or E = — 

As in the case of the inductive circuit this equation /nay be written in 
the form 

E •* It,, 

where t, is called the Rapacity reactance of the circuit, and is equal 


IMPEDANCE XU 

if C is expressed in farads, then 

and E »« Ix, volts. 

Capacity in Electric Circuits.—It may be pointed out that, apart 
from the presence of condensers as such, all electric circuits have a certain 
capacity, although this may be so small as to be quite negligible. 

For instance, a pair of overhead conductors form the plates of a con¬ 
denser of vrhich the dielectric is formed by the intervening air. Unless 
the line is very long, or the conductors are placed very near one another, 
the capacity of such an arrangement would be very small. In the case 
of cables the capacity is of some importance, since the conductors are 
near one another, and are separated by insulating material of possibly high 
specific inductive capacity. 

In large A.C. installations the capacity is an item of considerable 
importance, since its presence gives rise to difficulties which have to lie 
specially guarded against. The chaiging current, apart altogether from 
the useful load current, is in large systems considerable, and the dielectric 
losses already referred to contribute largely to the heating of the cables. 


CHAPTER IV 

I.MI’EDANCi; 

In Chapters II and III circuits in ivliiili the resist.mce was a,ssuincd 
to be zero have been dealt with. .All practical circuits have a greater or 
lesser amount of resistance, and circuits having resistance in addition 
to inductance, capacity, or both, will now be considered. 

Inductance and Resistance in Series.—Let us consider a circuit 
having a resistance of R ohms and an inductance of L henries, and let 
the capacity be zero. Let an alternating li.M.F. e be applied to the 
circuit, and let the current produced by this E.M.F. be » = I sin uit. 

The E.M.F. e will at any instant consist of two components, and 
which respectively overcome the self-induced E.M.F., and cause the current 
to flow through the resistance R. 

Thus e = e,, + tr. 

As we have already seen ti, = wLI^u. cos let. 

Also e, = ir 

= ^ I mu, sin 0) t. 

The component e^. to overcome the self-induced E.M F. leads the 
current by while t, is in phase with the current. 

The curves of the E.M.F.s and the currerft are shojvn in fig. ii, 
together with thc/corresponding vector diagram. 




It will be seen that the current lags by an angle ^ (which is Uss than 
—) behind the applied E.M.F. From the vector diagram we see that 

E™„, = ./e* + E* 

As, however, it is the effective value which is of practical importance 
we may write 


+ Ef- 


But E, = 1 R, 
and E,. = u)LI. 

E = I L* volts. 


Since the tangent of the angle 0 is equal to 

Et, max. / E,, 1 

* E \ “ F )’ 

the angle itself is given by 




= tan 


This equation shows that the angle of lag decreases as R is increased, 


and varies from - to o, as R varies from o to co. 


The expression E 


Is/R*TVr« may be written 
' E = \z. 


where « has th'e dimensions of a resistance, and is called the impedanct 
ol the cincuit. Thus, the effective value in volts of the applied E M F is ' 
^ual to the effective value in amperes of the current multiplied by the 
impedance of the circuit «in ohms. ^ 

As a practical example we may take the case of ^circuit,having e 
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lewtance and an induchuice iof hmry, to which aii^ 

wave E.M.F. of effective value loo volts at a frequency of so is applied; 

The effective value of the current and the angle of lag can now be 
calculated as follows:— 

I 

z 

where z = n/R* + (o*L* = */(5)‘ + ( 2 t x 50 x .02)* 

= 64.5 % 8.03 ohms 

. j _ 100 
•• 8.03 


12.33 amperes 

= tan-(“L) = tan-(Y) 
= 51 ° 29'. 


Capacity and Resistance in Series.—Let us now consider*a non- 
inductive circuit having a resistance of R ohms and a capacity of C farads. 
Let an alternating L.M.K. e of sin? wave form be applied to the circuit, and 
let the current produced by this be r =• 1 mu, sin wt. 

As before, the applied E.M.F. e will consist of two comprrnents, one 
tc to charge the condenser, and the other e, to cause the current to flow 
through the resistance, e = e e 

VVe have already seen that the component e, is in phase with the 
current, and is given by 


= I. 


R sin lot. 


In the last chapter it was shown that Cc has a maximum value equal 
to —and that it lags behind the current bv' an angle —• 

(tf C 2 


' in^K. 

03 C 

- Lr 

O) 


sin (<»f - f) 


C 


cos u) t. 


In fig. 12 the curves of e, and i have been plotted, and the 
corresponding vector diagram is .shown to the left. 


Ermai I" 
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From the vector diagram we sec that 

E = /i* + E* 

^max. •®- * Yc»u.« 

and consequently 


•-^2 , TT *^ 

+ E • 


E = .. 

But E, = IK and E, 


J 

aiC 


which may be written 


V"-+(„y: 

E = I + .r’ = I Z, . 


where Z is the impedance of the circuit. 

The current Uads the applied E.M.F. by an angle <ft less than 
From the vector diagram 


tan <j> 



* X 
a>U 


t 


R 


“ a)CR’ 
or ^ = tan- 

The angle of lead decreases as R is increased, and varies from ^ to o 
as R varies from o to ob. " 

As a practical example we will calculate the current and the angle 
of lead in a circuit having a resistance of 50 ohms and a capacity of 
50 microfarads, when a sine wave E.M.F. of effective value ,oo volts at 
a frequency of $0 cycles per sec. is applied tP the circuit 

- Vx’ + Cc)’ 

= \/25b6 + 4058 • 

= 81 ohms.* 

I = S = -^ = 1.23s amperes. 

Ct o I 


'1’^ 


tan-'(1.274) = St’s®'- 


1 In order to obtain the results fo practical units all the quantities must be expressed in practical 
units. The {tactical ^lmt of capacity is the tbereftMre the value of c in munUrads must be 
oittltiplied by lo**. This should be carefully noted. 
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' loductance, Capacity, and Resistance in Series.— From the two 
(Hues just considered it will be evident that inductance and capacity ma^ 
be r^rded as opposite in their effects. Inductance causes the current 
to lag, while capacity causes it to lead. In a circuit in which a capacity 
is connected in series with an inductance, the inductance component of 
the applied E.M.F. is i8o° out of phase with the capacity component 
These components, therefore, tend to neutralize one another, and, given 
suitable values of the inductance, capacity, and frequency, may do so 
completely, giving rise to the condition of electrical resonance, which will 
be referred to later. 

In the circuit shown in fig. 13 let R be the resistance in ohms, L the 
inductance in henries, and C the capacity in farads, and let the current 



fit- •} 


resulting from the sine wave applied K.M.F, r be given by the equation 

* = I «».. sin <0 1 - 

There will in this case be three components of tlie applied li.M.R, viz.; 
c,, to overcome the self-induced E.M.l’'., 
fc to charge the condenser, 

fr to cause the current to flow through the resistance. 

.'. e — tr fi -I- e,. 

Now it has already been shown that t/ has a maximum value 
(tfLl,a,. and leads r, by 

€t ft) L I mu. sin ( ft) r -f - j. 

Also e, has a maximum value * and lags ^ behind 

‘ ft)l.. 2 

and c, = I,M,. R-sinft)/. 


The curves of e, e„ e,, e„ and i have beep plotted in fig. 14, and 
the corresponding vector diagram is shown to the left. 

From the vector diagram it will be seen that 
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Injicrting the values of Ek, E^, and Ec, 


E = yj\-K‘‘ + («.LI -^Jq) 

-1 A’ + l-L-i)’ 


This may be written IC = I VR'* + where x is the total reactance 



of the circuit and is equal to (w L — ). The equation may be reduced ' 

to tlic still simpler form Is = 1 s, 

where s = total impedance of the circuit 


1 This expression for tlie impedance may be regarded as the complete 
one, since, by making the terms R, L, or C zero, the value of the impedance 
in any of the simpler cases may be obtained. 

In the vector diagram tan ^ ~ — 

^it max. 


<p = 


(o) L 



This, again, is a complete expression, since the value of tj> in any of the 
simpler cases may be obtained at once by making L or C zero as the case 
may be. IfTl is zero, ariH L and C have any values wjiatever, provided 

mL is not equal to ^ On the other hand, if R is not zero, 

and either L and C are both zero or have values such that oiL = 
then <jt is zero. “ 

The equation E = I a is an expression of Ohm’s Law for the A.C. 
tircuit, and c is often referred to as the apparent resistanc^f the efreuit. - 
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Resonance.—When the capacity reactance becomes humerically equfit 
to the inductive reactance, i.e. w L = -7=:, the second term under the 

a)C 

square root in the equation 

E = 1 v/R’+ (<-L - ' 

bee imes zero, and 

E = IR. 

The circuit then behaves as if indmt.ince and capacity were both 
abse nt, and is said to be in a state of electrical resonance. This condition 
ma>' give rise to di.sastrous effects. 

/Vs a practical e.\ample, let the resistance, capacity, and inductance in 
the circuit shown in fig. 13 be as follows: • 

R = 0.2 ohm, C = 50 microfarads. L = 0.2025 henry. 

Let a sine wave E.M.F. of effective value too volts at 50 cycles jJer 
sec. be applied to the circuit 

ThenZ = v/R^Ta^', 

and .r = ar, - .v, = (2 x X 50 X 0.2025) - (^ -^) 

= 637 - 63.7 = O, 

7 . = 0.2 ohm, 

, too 

i —- = 500 amperes. 

Let \\ = I’.D. across the inductance 

= wLl = 500 X 63.7 = 31,850 volts,- 
= P.D. across the capac'ly 

= ~ = 500 X 63.7 = 31,850 volts. 

(I) L 

It will be seen from this e.xamplc that quite a low applied E.M.F. may 
cause a large current to flow which gives rise to very large P.D.s across 
the capacity and inductance.* 

In an /VC. supply system the capacity and inductance are distributed, 
but bcliave in the same way as those in the simple circuit just referred to.. 
Since the cores of the cable form the plates of the condenser exceedingly 
high P.D.s will exist between them when resonance occurs which frequently 
causes a break-down of the insulation of the cable. 

Resonance is mo.st likely to occur at no load, or at very light loads, and 
in any case is very much more serious then, since the only lesistancc in 
circuit is that of the cables, which is very low. Not only*mtist resonance ; 
with the fundamental frequency be avoided, but also resonance with the 
frequency of any harmonics which may be present in the E.M.F. wave 
form. 

1 PracUo^l use is made of the condition of nw^nance to obtain the very high pressors 

leqiilred for the iveaMou-n lest of cables. 
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We will now consider the effect of changing the frequency to 2^ c^ycl^ 
per sec, in the above example. * 

4 r, = 2ir X 25 X .2025 = 3 I .85 ohmS. 


r, = -= 127.4 ohms. 

2T X 2S X so 

X = — gS-SS ohms. 

= x/.04 + 9130 


= 95.5s ohms. 


I n 


1.048 amperes. 


E 100 

- 9 S-S 5 

Vl = ft)LI = 31.85 X 1.048 = 33.4 volts. 

Vc = = 1274 X 1.048 = 133.6 volts. 

L> 

/(oL - - v-A ^ .„-./-9S-5i 


- tan-(- 477.7s) 
= - 89' 50'. 


Effect of Variation of Voltage and Frequency.—The effects of the 
variation of the applied E.M.F. and the frequency can be readily traced by 
plotting for the various cases curves of impedance, reactance, phase angle, 
and current on a base of (a) applied E.M.F., (i) frequency. 

I. Resistance and Inductance .— 

a ft) Lm 


X therefore is independent of the voltage, and varies directly as the 
frequency. 

Z = •J' 9 } + !?. 

\ 

z is also independent of the voltage, and is a function of the frequency. 
^ = tan-(“L). 

^ is also indejicndent of the voltage, and its tangent varies directly as 
the frequency. 

I = E 
z 


I varies directly as the voltage, and inversely as the impedawce in all 
cases. ^ 

The curves are shown in figs. I5<i and 15A 

It will l>e noticed that the curve of z (fig. 15^) cuts the axis of ordi¬ 
nates at a value equal to R, and is asymptotic to the curve of w, i.e. when 
/«»«,»<« R, and as / increases z becomes more and more nearly equal 
to ar. , 


^ is zero when / is zero, and approaches ^ as / appaoaches infinity. 







ll. Rtsistanct and Capatity .— 



jr therefore is inde()endent of the voltage, and varies inversdy .is the 
frequency. 



and as before is independent of the voltage, and is a function of the 
frequency. 



and is independent of the voltage, and its tangent varies inversely as the 
frequency. 



From lig. i 66 ^t will be seen that the curve of z is asymptotic to the 
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axis of ordinates, and also to the horizontal straight line representing R;: 
Le. z approaches infinity as / approaches zerg, and approaches the value II 
as f approaclies infinity. ij> is negative (i.e. the current leads the E.M.F.}, 

and approaches ^ as / approaches zero, and approaches zero as / 

approaches infinity. 

J 1 1 . Resistance, Inductance, and Capacity.— 

X = .x\ — Xc = ft) L — 

0)t.- 

X therefore is independent of the voltage, and varies with the frequency. 



Fig. 17J Fig. 17^ 


.sft and ^ are also independent of the 
voltage, and are functions of the fre¬ 
quency. 

As will be seen from fig. 17^, z 
decreases as / is increased, until it 
reaches a minimum value R. The 
inductive and capacity reactances are 
then rutmerically equal, and ^ is zero 
(resonance). As/increa.ses to infinity, 
z approaches the value x^, and f the 

value + For the sake of clearness, 

FMQUCNCY 2 * 

vis.'rf j the curves of Vc and Vt (P.D.s across 

condenser and .inductance respec¬ 
tively) are* shown separately in fig. 17c. When / is zero, Vl is obviously 
zero, since I is then zero. The whole applied E.M.F. therefore is devoted 

to producing Vc, and Vc =« E. Vc( == -L) will come to a maximum before^' 

I, since befoi^ its maximum I is increasing much le|s rapidly than uC. 
Also Vt(= ft)LI) will come to a maximum after I, since immediately 
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after Its maximum I is decreasing very slowly, and a>L is increasing 
steadily. As / approaches infinity approaches zero, and consequently 
Vi approaches E. 

Impedances in Parallel.—So far only series arrangements of resist¬ 
ance, inductance, and capacity have Ijeen dealt with. Parallel arrangements 
will now be considered, and in order to cover all c.i.ses, a treneral case of 


two inqxtdances connecteil in parallel 
(as in fig. 18), and each consisting of 
a resistance, inductance, and capacity, 
will be taken. 

Let the resistance, inductance, and 
capacity in the branches 1 and 2 of 
the circuit be Rj, L,, C,, and R^, Lj, 



Hg. iS 



Fin, '9 


Cj respectively; and let the effective value of the applied E.M.F. be E. 
The reactance of branch l is ' 


Similarly, x, = wL., - _. 

li> V.j 

In this case we have a P.D. equal to E, which is common to both branche.s. 
Clearly the current 1 in the main circuit is the resultant of the currents 
I, and 12 in the branches i and 2. 

This is shown in the vector diagram,' fig. i<j. in branch i there arc 
two components of E, I, R, and Ii-r,. .Similarly in branch 2 there are two 
components, L R,; and Hearing these facts ill mind, the construction 

of the vector diagrafti will be readily followed. . • 

Let us resolve each current into two components, one in phasq with E 

and one at right angles to E out of phase). 

‘ Since tbe elTfcttve values ate the important ones, it is the ustia) practice to let iLe vectors represent 
tfietive vaivtt.%s has been done in fig. 19. If instantaneous values are re<.{uired, they are raadUy 
obtained by multiplying the projections by 
VOL. I. 
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Components in phase with E (watt components of the currents). 

I cos 0 = I, cos + Ij cos 

Components | out of phase with E (wattless components of the currents). 
I sin ^ = Ij sin <j>^ -i- Ij sin 

Considering the triangle Oai, the angle is equal to 

, al) I, R, 

.". cos d>, = cos Oaa = „ - = *-v. ■, 
yj a k. 

If is the impedance of brancli i, 

I, R, R, 

cos^, = I'^-J = -. 

In an exactly similar way it may be shown that 


cos <pi 




and that 


, R 

cos fj, = 


where Rj and are the resistance and im[)edance of branch i, and R and z 
are the resultant resistance and resultant impedance of the main circuit. 
Again, considering the triangle Oab, 

■ , ■ i C)b I,j:, Lx, x, 

sm (/>, = sinOa^ = „ = i = -i; 

On E Ijir, ’ 

and similarly, 

smi,, = f, 
sin <j, = 

Vhere x,, x^, and x arc respectively the reactance of branch i, the reactance 
of branch 2, and the resultant reactance of the main circuit. 

We may now rewrite the equations of the components as follows:— 

1^ = and iV = ["■+lA 


but 

K 


I = 


.. R. 


K 

, and 

Is = 

!•: 

IE ' 

R 

R, 


-13 • 

1 * 

or 

■* 7 

+ 





X 

A\ 



' s* 

■“ 

+ Y 
”3 ■ 



■ 


. . 4 nd similarly, ^ 

t 

' R 

The,expression ^ is called the conductance of the circuit, and is usually 
denoted by g. 

We may therefore write 

g = gx-^g%, 

where g^ and g^ are respectively the conductances of the branches 1 and 2. 
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The resultant (onductante of n conductances in paraUtl is therefore the 
sum of the n conductances. 

The expression ^ is called the susceptance of the circuit, and is usually 
denoted by b. 


where and are the susceptances t)f the branches i and 2 rcsixtctively. 

The resultant susccptance of n susctptam es in parallel is therefore the sum 
of the n susceptances. 

In the triangle O <nd formed by drawing dm ijer()endicular to Oa, Om 
is the component of I in phase with E, and tn d is the component of I 


^ out of phase with li. 

Now (Of/,." = (O«/)• + 'wf/)’. 

I- = (1 cos tpf + (I sin 

— 0i cos + I, cos </,.)- + (I, sill ./), + Ij sin 





- + l-y-t/r, + b.J-. 

Ihit I = 

4r 

or ‘ = + 1 ;.,)- + {bx + b.y-. 


- is called the admit> ".vr of the circuit and is usually denoted by^. 

We may therefore .-.rite a general equation for n impedances in parallel; 

> = ^ = + ... + )'■' + (bx + /'2 + . ■. + by. 


where g^. g,, &c., are the conductances, and b^, &c., are the susceptances 
of the impedances 2,, Cj, &c. 

The phase angles ij>, i^j, &c., may be determined as follows:— 


tan iji - 


X 


CnS </> 


/t 

■} 

.?■ 


tan - ■ ( " ). 
bx 


Similarly, </., = tan-'(^l ). 

b.. 
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• As a practical example, let us calculate ^e currents and phase angles 
in the circuit shown in fig. 20. Let the constants have the following 
value.s;— 

R, = 5 ohms, C, = 50 microfarads, Rj = 20 ohms, Lj = 0.2 henry, 
and E = 100 volts at a frequency of 50. 



A negative value of ^ indicates, as before, that the current is leading 
the E.M.K. Some confu.sion may arise on referring this to the vector 
diagram, since ^ is at the first glance apparently positive when the current 
is leading. * 

This difficulty will be removed at once if it is remeifibered tliat in all 
cases <f> is measured from the qurrent vector to the E.M.F. vector. 



IMPEDANCE ij; 

Resonance in Parallel Arrangements.—A condition in which the 
main circuit behaves as if inductance and capacity were absent occurs in 
parallel arrangements. This resonance differs in its effects from resonance 
in scries circuits, since the current in the main circuit is then a tninimum 
instead of a maximum. As before, when the condition of re.sonance occurs, 
^ is zero. 

b 

.. tan 0 = - = O. 
g 

and therefore h = o. 


In all but the simplest arrangements the equation obtained by express¬ 



ing b in terms of the constants of the circuits is very cumbrous. We will, 
however, consider one practical case. 

It is often required to secure unity power-factor (i.e. cos ^ = i) in a 
circuit which is itself inductive. 

This may be accomplished by placing a condenser of suitable value in 
parallel with the inductive circuit. 

In fig. 21 let Rj and L_. be respectively the resistance and inductance 
of such a circuit. Let E be the applieil E.M.F. and let C, Ire the capacity 
of the condenser required to bring the current and E.M.F. into phase in 
the main circuit. Then <p = o and b = o. 




u> Lj 

+ oi'T*’ 
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Thus if Lj => 0.2 henry; Rj •“ S ohms; and / 50 cycles per sec, 

0.2 


C. 


“ 25 + (100 T X 0 . 2 )'“ 
= ?o. 4 . microfarads. 


50.4 X 10 '* farads 


This method of securing unity power-factor has hitherto been little 
employed, since the cost of manufacturing reliable condensers of the 
high capacity required in practice was excessive. Recently, however, 
suitable condensers at a reasonable cost have been produced. 


CHAPTER V 

ALTERNATING-CURRENT INSTRUMENTS 

Ammeters, voltmeters, and supply meters, suitable for use with alter¬ 
nating currents, have already been described in Chapters V and VI of the 

previous article. This chapter will be 
devoted to wattmeters, and certain 
essentially alternating-current instru¬ 
ments, such as power-factor meters, 
frequency meters, and synchroscopes. 

Wattmeter.—A wattmeter is an 
instrument for measuring the mean 
power in a circuit. The)' are rarely 
employed on D.C. circuits since the 
power is easily calculated as the pro¬ 
duct of current and pressure. 

In alternating-current circuits this 
simple relationship does not hold, and 
therefore wattmeters, which, as will 
be seen later, record the true mean 
K.s. ■ power in the circuit, have to be used. 

• B)’ far the greater number of watt¬ 

meters in commercial use are of the electrodynamic type. In this type 
a moving coil is pivoted within a fixed coil, and carries a pointer moving 
over a scale. The fixed coil is constructed of heavy wire or strip, and 
carries the line current. The moving coil is of fine wire, and has a large 
non-inductive resistance connected in series with it. This coil is connected 
in parallel with the circuit, and therefore carries a current pfoportional 
to the P.D; between the" line wires. 

The fixed and moving coils are generally referred to'as the current and 
pressure coils respectively. 

For convenience in altering the range of the instrument, the current coil 
is frequently wound in two separate sections which may be connected in 
series or in parallel with one another as required. The method of con¬ 
necting such a wattmeter in a single-phase circuit is^-shown‘In fig. 22. 
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ine aenecting force is at any instant directly proportional to the product 
of the moving-coil current, and the field produced by the fixed coil, when 
the plane of the pressure coil is at 
right angles to the plane of the fixed 
coil. Since the field produced by 
the fixed coil is proportional to the 
current in the line wire, and the cur¬ 
rent in the moving coil is propor¬ 
tional to the P.D. between the line 
wires, the deflecting force at any in¬ 
stant is proportional to the product 
of e and i (where e is the instan¬ 
taneous P.D. between the line wires, 
and i the instantaneous current it) 
the line wire), and therefore to the 
instantaneous power in the circuit. 

The mean deflecting force will he, 
therefore, proportional to the true 
mean power in the circuit. The controlling couple is provided by light 
spiral springs, and is therefore proportional to the angle of deflection. 

The deflecting couple, 
even over a fairly wide 
movement of the pressure 
coil, is very approximately 
proportional to the mean 
power, and the scale of the 
instrument is thereforeopen 
and practically evenly di¬ 
vided. The general appear¬ 
ance of a well-known watt¬ 
meter of this type is shown 
in fig. 23. 

The fixed and moving 
coils of a wattmeter are 
very clearly shown in fig. 

24. The instrument is 
shown connected up for 
measuring power in a three- 
phase circuit, using an arti¬ 
ficial neutral point (see 
Chapter VII). 

In order that instru¬ 
ments of this claSs may 
read correctly, the induc¬ 
tance, and in a lesser 
degree the capacity, of the coils must be made ^as small as possible. 

The effect of the inductance of the fine-wire moving coil is minimized 
by a high flon-inductive resistance connected in series with it. In addition, 



Fig. 94.-‘)lartu>aiMi & Braun Wattmeter 
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the employment of any masses of metal in the supports or case of the 
instruments has to be avoided, since tlie eddy currents set up in them 
affect the leading's. In any case, at very low power-factors the readings 
cannot be relied upon. 

lly careful compensation electrodynamic wattmeters, suitable for use 
as standards under ordinary conditions, can be constructed. Where 
extreme accuracy is recjuired it is better to employ an instrument of the 
electrostatic type, such as the Addenbrooke wattmeter. 

This instrument is similar in construction and principle to the Adden¬ 
brooke voltmeter, described in Chapter V of the previous article, except 
that a single needle and quadrants instead of octants are used. A very 
complete description of an instrument of this kind, together with details 
of its use at tiie National Physical Laboratory, will be found in vol. 51, 
no. 221, of the Journal of the Institution of Electrical Engineers, "The 

_ Use of the Electrostatic Method for the 

Measurement of Power”, by Messrs. 
Paterson, Rayner, and Kinnes. The 

- needle forms the pressure element, and 

it is usually arranged that the potential 
applied to it is from ICX) to 2 CX 3 volts. 
The quadrants have a P.D. of about 
2 volts between them supplied by the 
.p- potential drop in a shunt resistance 
^ through which the current passes. The 
quadrants thus form the current element. 

The following advantages and dis¬ 
advantages may be pointed out:— 

Advantages. —i. High accuracy even at very low power-factors. 

2. Wide range of both current and voltage for which a single instru¬ 
ment may be u.sed. 

^ 3. The instrument itself is independent of changes of frequency and 

wave-form. The small error clue to the inductance of the shunt is easily 
calculated and corrected for. It is seldom necessary to do this, since the 
error is negligible, except when the current is very large and the power- 
factor very low. 

Disadvantages. —,. The movement of the mirror is very slow owing to 
the small controlling forces. 

2. P'or large currents the shunt resistance has to be artificially cooled. 

3. The instrument is not portable. 

Power-factor Meters.—.Although in experimental work the power- 
factor may generallv be more accurately determined by calculation from 
wattmeter-readings, in ^jower-stations it is of importance to have instru¬ 
ments whidi will give a direct indication of the power-factor. 

In one tyire of power-factor meter, the moving part consists of two 
fine-wire coils rigidly fixed at right angles to one another, and mounted 
on a spindle to which the pointer of the instrument is attached. A single 
fixed coil encloses the moving coil. When used as a single-phase instru¬ 
ment, the two coils of the moving element are connected in pafallel across 
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the mains (see fig. 25). The currents in the two coils are made to differ 
in phase by approximately 90“. This is secured by a non ■ inductiv'e 
resistance R connected in series with one coil, while a large inductance I is 
connected in series with the other. The fi.xed coil is connected in series 
with one line wire. W hen the current in the main circuit is in phase with 
die applied P.D., the current is in [iliase with the current in pressure coil i. 
The force acting on the other coil is very 
small, since the currents in the fixed ami the 
moving coils 2 are nearly 90° out of phase. 

Under these conditions, tlierefore, the pair of 
moving coils will tend to lie in such a po.si- 
tion that coil i is in the same plane as the 
fixed coil. If the power-factor of tlic circuit 
change and the current lag behind the apirlied 
P.D., then there will be a force acting on coil 
2 of the combination, and the .actual posi¬ 
tion of the pair of coils will depend on the 
ratio of the forces acting on the two coils. 

If the power-factor is o, the current I.agging 90- behind the pressure, the 
currents in the main coil and in the coil 2 of the combination will be 
very nearly in phase, ;md therefore this coil will tend to lie in the same 
plane as the fixed coil. The position of this pair of coils with reference 
to the fixed-current coil will serve, therefore, as an indication of the power- 
factor of the circuit to which the instrument is connected. 

When a two-phase 



Fig. *6 



system is used, the 
necessity for a highly 
inductive circuit to 
produce a current lag¬ 
ging nearly 90' behind 
the applied iiotential 
difference disappears. 

The second coil (2, 
fig. 25) in the power- 
factor indicator is con¬ 
nected either directly 
or through a trans¬ 
former to the other 
phase of the system. 

A power-factor indi¬ 
cator used in this way has the advantage over the single-pha.se instrument 
of being independent of the frequency for the’ accuracy of its reading. 
The phase diffeibnce between current and potential difference in the 
circuit 2 is always 90’, whereas with the .single - phase instrument the 
phase difference tetween current and potential difference varieS with the 
frequency, and the reading of the meter on a circuit of frequency different 
from that for which it has been calibrated will 6e wrong. 

The (Jonnections for a power-factor indicator on a three-phase circuit 


l-'ig. 27.->Horizoatal Edgewise ]*ower-factor Indicator (BritUh ThomtOD* 
Iloukton Company, Ltd.) 



Fif. at. —liiterier i*f Power* 
factor Meter 
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are shown In fig. 26. When the current in the fixed coil Jags bdtii^ 
the pressure in the phases, ft comes more into phase with the current in 
one of the moving coils, and more nearly 90° out of phase with the current 
in the other, the force bn one coil will be increased 
and on the other diminished, so that the pair (which 
are, of course, rigidly fixed to the same spindle) will 
...Ti take up a position to indicate the power-factor of the 

circuit. Fig. 27 shows an instrument made by the 
British Thomson-Houston Company for three-phase 
circuits. The vane seen at the top of the instrument 
is made of aluminium, and moves between the poles 
of a permanent magnet, so as to damp the motion of 
the revolving spindle to which it is attached. 

For higher pressures and currents the instruments 
* are connected to the mains through transformers. 

[n another type of power-factor meter, all the 
coils are fixed, and the resultant field acts on a pair 
of light soft-iron vanes attached to the spindle which 
carries the pointer. 

Fig. 28 shows the interior of a power-factor moter of this class, manu¬ 
factured by the British Westinghouse Company. The current coils are 
so arranged as to produce a uniform rotating field. In the two-phase type 

of instrument two cur¬ 
rent coils placed at an 
angle of 90“ are used, 
and are connected, 
usually through cur¬ 
rent transformers, to 
two line wires of dif¬ 
ferent phases. The 
three - phase instru¬ 
ment has three cur¬ 
rent coils placed at 
120° and .star-con¬ 
nected. 

A fine-wire pres¬ 
sure coil is connected 
across one pair of line 
wires, usually through 
a potential trans¬ 
former, and serves 
to magnetize the 
soft-iron vanes. The 
arrangement of the coils and vanes in a two-phase instrument are shown 
in fig. 29. ‘ The iron vane.s will set themselves along the line in which the 
rotating field vector lies at the instant when the magnetization of the vanes 
is a maximum. If the pliase angle between the current and P.D. of the 
mains alters by a given amount, this line will shift by ^ equal «amount. 
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The position of the pointer, therefore, indicates the phase ang^b For 
convenience, however, the scale is graduated in values of the power-factor. • 

Synchroscopes.—These instruments are used when it is desired to 
parallel an A.C. machine with others already running on the bus-bars. 
In principle they are similar to power-factor meters, but the windings are 
all of fine wire, and in nearly every case the instruments arc of the single¬ 
phase type. 

The general appearance of a syn¬ 
chroscope made by the British West- ' t/: -. 

inghouse Company is shown in fig. 30. . -r 

The rotating field is produced by a / 

pair of coils placed at 90°. One coil 
has a non-inductive resistance, and the 
other one a highly-inductive coil in 
series with it The necessary phase dif¬ 
ference for producing the rotating field , , ,, , 

is thus obtained. The two coils are ' \' 

connected in parallel to the secondary ^ ' 

of a potential transformer, whose pri¬ 
mary is connected across the bus-bars. 

The single coil is connected through a 

potential transformer .across one pair of terminals of the incoming machine. 

The position of the pointer tlien indicates the pha.se angle between the 
E.M.F. of the bus-bars and of the incoming machine. If the machine 
is running too fast the pointer will rot.ite in the one direction, while if 
it is running too slow the pointer will rotate in the opposite direction. 
When the machine is in phase and running synchronously, the (winter 
comes to re.st at the zero mark. 

Frequency Meters.—The type of frequency meter most commonly 




used in this country consist of a system of tuned vibrating ,reeds acted 
upon by electromagnets excited from the supply of which the frequency 
is being measured. The reeds consist of thin steel strips of’different 
lengths, and tuned by means of solder weights at the end to have natural 
frequencies varying over the range for which the’ instrument is designed. 
The generel arrangement is shown diagrammatically in fig. 31. 
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The magnet applies alternating impulses to the reeds, and that reed 
■ whose natural frequency is equal to that of the supply will be thrown into 
violent vibration. The other reed's will tip a/Tected less and less as their 
frequency is farther from the frequency of supply. 

The readings of the instrument may be doubled by superimposing 
a steady current upon the alternating current flowing in the magnet coil. 
This current polarizes the reeds, so that they get only one impulse in place 
of two for every cycle of the alternating current. This type of instrument 
may also be used as a tachometer by connecting a D.C. supply to the 
magnet coil through a rotating contact-maker fixed on the shaft of the 
machine. 

In America, an induction type frequency meter is widely used. This 
consists essentially of two induction voltmeter eletnents having a common 
disc to which the pointer is attached. 


CHAPTER VI 

POLYPHASE CIRCUITS 

Two-phase Circuits.—A generator provided with two windings, placed 
so that when one winding lies under the poles the other is midway between 

the poles, will generate two E.M.F.s 

with a phase difference of j be¬ 
tween them. The e.vternal circuit 
may consist of four wires, so that the 
phases are kept entirely separate, 
as shown in fig. 32; or the inner 
pair of wires may be replaced by a 
single wire, thus forming a three- 
wire circuit, as shown in fig. 33. 
In the first case it is obvious that the line P.D. E between each pair of 
line wires will be equal to E/, the phase E.M.F., and the line current I will 

be equal to the phase current 
L. In the second case the 
middle wire carries a current 
which is the vector sum of the 
^ currents and I, carried by 
the outer wires. On referring 
to the vector diagram fig. 34, 
it will be evident that this 
resultant current is equal to 
■J2 I; since the P.D. between 
the outer w’ires is a di^erence ot two potentials it will be equal to the 
vector difference of the two E.M.F.s E* and E,. From the figure its value 
numerically is evidently \/2 E. • * 


PHASE B 
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Three-phase Circuits. —By employing three separate windings on a- 
generator so arranged that each winding is displaced two-thirds of the pole- 




Fig. 36 


pitch from the next, three E.M.F.s differing in pliase from otic another by 
J TT (120°) may be obtained. The external circuit might consist of six wires, 
the phases thus being 1, 

kept entirely separate. 

In practice this me¬ 
thod is never adopted, 
and the number of wires 
is always reduced to 
three (or at most four) in 
the following ways:— 

I. Star Connection. 

—The ends of the three 
phases are connected 
together, and three line 
wires are used, one be¬ 
ing connected to the 

beginning of each phase (sec fig. 35). This arrangement is known a/ 
a star connection. Occasionallj’ a fourth wire connected to the common 
junction of the ends of the three- 
phases (the neutral point) is added, 
giving a star connection with 
neutral. 

II. Mesh or Delta Connection. 

—The end’ of each phase is con¬ 
nected to the beginning of the next, 
and three line wires connected to ^ 
the three junctions of the phases 
are used. This asrangement is 
shown in fig. 36, and is known as 
a mesh or delta connection. 

Currents and P.D.s in Star 
System. — If the vector diagram • 

for a star S3{ptein be drawn, it will at once be evident that the sum of the 

> Thus the end of phase b is «>nnected lo the beginninfj of phase A at the point a. 



Fig. 37 
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■phase currents at any instant is zero (see fig. 37). Therefore if a fourth 
wire (neutral wire) be used the current in it will alwaj/s be zero, provided 
the load on the system is balanced. 

From fig. 37 it will be .seen that the current carried by any line wire 
will be equal to that in the phase to which it is connected. 

Thus Ij = Ia, Ij = Ui and I3 = Ic. 

On the other hand, the P.D. between each pair of line wires is equal to 
the vector difference of the E.M.F.S in the pair of phases to which these 
line wires arc connected. 

Thus E, = Ec — E„. 

Since the angle between E^ and — Eb is 60“, and Ej bisects this angle, 
Ej = 2 Ec cos 30 

= V3 E,; 

or, in general, the line P.D. E is equal to v/3 times the pha,se E.M.F. E^. 

Currents and P.D.s in Delta System.— The line P.D. is clearly 
equal to the phase E.M.E. 

T hus Ej = P-A. E2 “ Eb, Eg — h.cj 
or, in general, E = F.^. 

The current in any line wire is the resultant of the currents in the two 

phases to the junction of which the line 
wire is connected. 

Thus Ij is the resultant of I* and I,. 
Let us consider the point “ a 
Then by KirchhofTs Law, 

»j + ia+ ii = o. 

It must clearly be remembered that in 
Kirchhoff's Law currents flowing t&wards 
the junction are called positive and those 
flowing atvay from it negative. 

In the vector diagram, however, cur¬ 
rents flowing from the beginning towards 
the end of a phase are considered nega¬ 
tive and those flowing from the end 
towards the beginning of a phase are 
considered positive ., 

Therefore in the equation -f 
+ = o, obtained by applying Kirch- 

hofTs Law, +ii must (since it is a cur¬ 
rent flowing from the «beginning to the end of a phase) in the vector 
equation be replaced by - L (see fig. 38). ^ 

Ii + Ia — U = Oi is the vector equation for Ij, and 1 , =. I, — 1 *, 
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la? 

Since the angle between I, and —I, is 6o“, 

1 ) = 2 I, cos 30 

= I.- 

In general, I, the line current, is equal to times L, the phase current 
Summary .— 

(а) Two-phase 4-wirc.li = E^, 1 = 1^, 

(б) Two-phase 3-wire.E = E^,, 1 = L, for outer wires, 

I = \^2 L, for middle wire. 

(f) Three-phase Star.K = V'3 E^., I = 1 „ 

and if a neutral wire is u.sed the P.D. between the neutral and^ny line 
wire is equal to E,^ 

(d) Three-pha.se Delta.E = K;,, 1 = \/3 1 ^.. 

It may be noted that in deducing the above relationships the following 
assumptions have been 
tacitly made:— 

1. As far as the P.D.s 
are concerned, it is assumed 
that there is no load on 
the system, and that the 
E.M.F.s generated in the 
phases are equal to one 
another. 

2. As far as the cur¬ 
rents are concerned, it is 
assumed that the load on 
the system is balanced. 

Other polyphase sys- fi* i? 

terns, notably four-phase 

and six-phase, are occasionally used, but by far the greater number of A.C. 
installations in this country are three-phase, either star or delta connected. 

Production of a Rotating Field.—One great advantage of polyphase 
systems is their suitability for producing a rotating magnetic held, such as 
that required in an induction motor. As an example of the production of 
a rotating field, we may take the case of a pair of coils placed at right 
angles to one another and connected to a two-phase supply, as shown in 

fig. 39. Since the currents in the two coils are j out of phase with one 

another, the fluxes'produced by them will be ~ out of pha.se. We may 
thus write 

«, = N sin o>/, 

= N cos 0) /, 

where «, and are the instantaneous values of the fluxes produced by 
the coils I and 2 respectively. 
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. • It » assum'ed that the coils are exactly similar, and that therefore the 
maximum values of the fluxes are et^ual. Let N be the resultant of these 
fluxes, and at any instant let its vector make an angle 0 with the horizontal 
axis (see fig. 39). 

Now since n, is confined to a vertical axis, it must always be equal to 
the projection of N on the vertical axis. 

N sin 0 = = N„a,t sin «■>/. 

In a similar way N cos 0 = «, = N mw. cos ai/. 

From which tan 0 = tan a>/. 6 = tet, 

and it follows that as the resultant flux makes an angle 0, with the 
horizontal axis, which varies directly with the tirrfe t, the resultant flux 
must rotate uniformly with an angular velocity oi = 2 tt/ where / is the 
frequency of the supply. From the above equations it also follows that 
(since 0 = o)/) N = N max. 

The resultant flux, therefore, has a constant value N„,„., and rotates 
with an angular velocity equal to 2 tt times the frequency of the supply 
in the ca.se of a simple two-pole field. 

If a number of coils are used giving a field having 2p poles, then the 

angular velocity of the rotating field will be ^ of the velocity of the simple 
two-pole field. ” 

In the simple example considered it will be evident that the direction 
of rotation of the field will depend on the way in which the coils are 
wound, and that the direction of rotation may be reversed by interchanging 
one pair of leads. 

A rotating field can be produced with equal facility by a three-phase 
arrangement, and in this case also the direction of rotation of the field 
may be reversed by interchanging one pair of leads. The winding on the 
majority of induction motor stators is a three-phase one. The two-phase 
arrangement is always used for producing the rotating or gliding field 
employed in A.C. meters, ammeters, and overload relays. 


CHAPTER VII 

p 

POWER IN A.C. CIRCUITS 

The instantaneous power in an A.C. circuit is given by the.product of 
the instantaneous E.M.1( and the instantaneous current. 

Thus w = ei. The mean power, as will be seer, from figs. 40, 41, 
depends on the phase relationship of the E.M.F. and current. In the 
case where E and 1 are in phase (fig. 40), 

if « =* I m», sin o) /, and < = sin m t, 

then tu ■= 1 Eimi. sin*#)/, or ru = i I m«. E„„. (i — cos 2 #)/). 

The curve of w is, therefore, a sine wave, having as its axis the 
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horizontal straight line given by |I 
<&«^/rthatof£and I. The 
mean power w is, there¬ 
fore, equal to § I „„ E , 
or, since I = V2 I and 
E„„. = v'2 E,\V = EI. 

In every case the curve 
of w is a sine curve of 
double frequency, but the 
mean power varies from 
+ E I to — E I, as the 
phase difference between 
E and 1 varies from O to 
Tt, and has the value zero 

when E and 1 are - out 
2 


and having a frequency 



Fij to 


of phase (fig. 42). In fig. 41 the current is shown lagging l)ehind the 


w 



E.M.F. by an angle less than The curve of w now dips below the axis 


of abscissae, and conse¬ 
quently the area under 
the curve is not now all 
positive. During certain 
periods the area is nega¬ 
tive, indicating that dur¬ 
ing these times energy is 
being given back from 
the^ circuit. The mean 
power VV is still positive, 
since the positive areas 
are ■ greater than the 
native oiAs, but it is 

Vot I. 
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‘with the E.M.F. In fig. 42 the currant is lagging by and the positive 

and negative areas under the curve of u> are equal, and in this case 
VV = 0. 

Taking a general case, where the current is out of phase with the 
E.M.F. by an angle ip, which may have any value between — «■ and + t, 
we have 

e = Eaux. sin®/, t = sin(a>/ + (f), 
and iv = Era.x. ImM. sin*)/sin(a)/ + <!>)■ 

Now {sin (1)/sin ((a / + if)} naay be expressed in the form 
IJcos^ — J cos (2 a)/ + if)}, 

^ J E maj. I nia*. COS p — ^ E oyua I max. COS (2 a> / 4“ ifi). 

The power is thus seen to consist of a constant part, J E ,mx. I mxx. cos p, 
and a part which is a sine wave of double frequency. As we have already 
seen, the constant part is equal to the mean power, 

. . ^ ~ i E max. I mxx. COS f 
«= E I COS <j). 


F. I is the apparent power or volt-amperes in the circuit, and the factor 
cos </• by which the apparent power has to be multiplied to give the true 
poiver is called the power factor. 


Thus cos </> 


true power 
apparent power’ 


From the equation W = F' I cos f it will be seen that when 4 * exceeds 
- in cither the positive or negative direction the mean power becomes * 

^negative, i.e. power is being taken from the circuit. This will be made 
clearer by an example. Suppose a single-phase alternator is connected to 

A.C. main.s. As long as </> is less than ^ the alternator will be giving 
power to the mains. 

As soon as P exceeds ^ the alternator will take power from the mains, 

and will therefore be running as a synchronous motor. 

Power in Polyphase Circuits.—In a two-phase circuit the total 
power is given by VV = W, -f Wj, where VV, and VVj are the powers in 
phases i and 2. 

Since the P.D. E between either outer wire and the middle wire is 
equal to the corresponding phase E.M.F., and since the current I in an 
outer wire is equal to the current in the phase to which it is connected, 
the total power when the load is balanced is VV == 2 E I cos f. 

Sim'ilarly, in a three-phase circuit, VV »= VV, -F VVj -|- VV,. 

If the circuit is star-connected, the line P.D. is equal to v/3 times the 
phase E.M.F., and the line current is equal to the phase current, 

i.e. E — x/J and I = Ij,. 
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Therefore, for a balanced load, 

VV = 3 cos <l> 

= n/ 3 E I cos 

If the circuit is delta-connected, the line P.D. is equal to the pha.se 
E.M.P'., but the line current is equal to sj 3 times the phase current, 

i.e. E = E^ and I = s/3 I^. 

As before, \V = 3 E/ l/> cos <f> 

= s /E I cos <!>. 

In a two-phase system the power may be measured hy a sinqle watt¬ 
meter if the load is balanced. The current coil must be connected in 
series with one of the outer line 
wires, and the pressure coil connected 
between an outer and the middle 
line wire. The total power is then 
twice that indicated by the watt¬ 
meter. If the load is unbalanced, 
then two wattmeters connected, as 
shown in fig. 43, must be u.sed, the 
total power teing then the sum of 
the powers indicated by the two 
wattmeter.s. 

In a three-phase system the total 
power is the sum of the powers in 
the three phases. The power in a Kii. „ 

three-phase star connection m;iy lx: 

measured by a single wattmeter, if the load is balanced, by connecting 
the wattmeter as shown in fig. 44. If the neutral point is fiot availabje 
an artificial one may be made 
by connecting to a common 
point three large non-induc¬ 
tive resistances, the other ends 
of which are connected one 
to each line wire 'see fig. 34;. 

The single wattmeter then 
measures J of the total power. 

This method is not available 
if the connection is delta, 
since tlte current in any line 
wire is not equal to* the phase 
current. 

Two-Wattmeter Method. 

—This method, which is jr,t 

equally applicable to star and 

to delta systems, and gives the true power whether the load is balanced 
or not, is very widely used for power measurepients on three-phase circuits. 
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It has the additional advantage that the value of the power-factor is easily 
obtained from the ratio of the two wattmeter readings. 



instantaneous values, the instantaneous power read by 
given by 


The two watt¬ 
meters are con¬ 
nected to the cir¬ 
cuit, as shown in 
fig- 45 - 

Let us consider 
a star - connected 
system, and let 
phase currents and 
E.M.F.s be indi¬ 
cated by symbols 
with the suffixes 
a, b, or c, while line 
currents and P.D.s 
are indicated by 
symbols with the 
suffixes I, 2, or 3. 
Then considering 
the wattmeter Wj is 


rr/, = r, = (e^ - ei) f,. 


Similarly, the instantaneous power read by the wattmeter VV, is given by 
Wj = r-fj = (<V - r*)*,, 
and w, + rvj = (<•„ - r<) /j -b (r, - et) 


Since in a star system the line current is equal to the corresponding 
phase current, 

, /, = 7. and »j = r„ 

w, + It’., = -b ej, - ei.{ia -b 

But the sum of the currents in the three phases is at any instant zero, 


• • L "b 7^, 

« 7 i -b tv.. = e,i, -b fi 7 i -b e,ic 
= uf„ + tii + zvt 

= a-. 


where w is the total power in the circuit at any instant. 

The wattmeters read, of course, the mean t>ower and not the instan¬ 
taneous power, so that U VV, and Wj are the two wattmeter readings, then 
the total mean power W is given by * 

W = VV, -b VVj. 

Since no assumption has been made as to the equality of I„ I„ and 
the above relation holds* whether the load is balanced or not 

Since w, •= <i»„ VV, is the vector product of E, and I,* Similarly, 
W, is the vector product of p, and 
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From the vector diagram (fig. 46) it will be seen that the angle 
between E, and I, is (30 + <^>)°, while that between E, and I, is (30 — 

E, j, = E, I, cos (30 + •!>), 
and E2 Ij = E, I, cos (30 — 

where is the angle of phase difference in decrees between the current and 
E.M.F. in any phase. 

We therefore have W, = E, I, cos (30 + i), 

W., = E,, 4 cos (30 - ./>), 

and hence, if the phases are symmetrical and equally loaded F, I, = Ej 1 |, 

W; - W , ^ E, I,{ cos(30 - </>) - cos (30 + </■)! 

VVj + W, E, Ijicos (30 -</>) + cos (30 + 

_ sin 30 sin </> _ 
cos 30 cos ( — i^i) 

= tan </>, since cos ( — '/■) = cos </>. 

>/3 

- W,. 

<t> = tan-'V3 ( ^ 

This simple expression for the phase 
are symmetrical and the load is balanced. 

When the two wattmeter readings 
are equal and in the same direction, i.e. 

W| = Wj, <i> is clearly zero, and the 
power-factor is unity. This indication 
of unit)- power-factor is often very useful 
in experimental work, say, for example, 
in a .synchronous motor test at tin it)- 
power-factor. 

When the power-factor is 0.5 (i.e. 

0 = 60 or —60) one wattmeter read¬ 
ing is zero. 

This serves as a useful indication of 
0.5 power-factor. 

The two-wattmeter method is also 
employed for energy measurements on three-phase systems. E'ither two 
separate supply meters are used and the algebraic sum of the records is 
taken, or a single meter having two elements, one connected in place of 
each separate meter, is used. Although the case of a star-connected 
system has been oonsidered above, it can readily Le shown jn a similar 
way that the same results hold for a delta-connected system. 

In experimental work it is often convenient to let one wattmeter do 
duty for both W, and Wj. This can be done by means of a switch which 
changes over the wattmeter from the one line wirtf to the other. The switch 
is provide^ with short-circuiting devices, so that the supply is not inter¬ 
rupted when the switch is being moved from^the one position to the other. 


angle only holds when the phases 
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, The readings are necessarily taken successively, but usually this is no 
serious disadvantage. If the load is balanced the wattmeter current coil 
may be connected permanently in one line wire, the pressure coil being 
successively connected between this line wire and each of the others. As 
before, the algebraic sum of the wattmeter readings gives the total power, 
but in this case only when the phases are symmetrical and equally loaded. 


CHAPTER VIII 

WAVE FORM 

It has'been as.sjimed throughout the foregoing chapters that the currents, 

practice it very frequently 
happens that the wave 
contains harmonics, and 
departs considerably from 
the sine form. This is of 
some considerable practical 
importance, since the iron 
and copper losses in A.C. 
machines vary with the 
wave form, and the strain 
placed upon the insulation 
of a system depends very 
largely on the shape of the 
pressure wave. The general 
shape of the wave depends 
^ not only on which har¬ 

monics are pre.sent, but also on the phase positions of the harmonics 
relatively to one another and to the fundamental. As a simple example, 
a wave form consisting of a fundamental and a third harmonic is shown 
in figs. 47 and 48. 

in fig. 47 the phase position of the harmonic is similar to that of the 
fundamental, and the resultant wave is flat-topped. In fig, 48 the phase 
position of the harmonic has been shifted forward by | of a period of the 
fundamental (i.e. its phase is opposite to what it was in fig. 47). 

The resultant wave is now peaked. 

In all practical machines the positive and negative halves of« wave are 
similar. * 

It may be shown mathematically that when this is' the case only add 
harmonics are present. This at once dismisses even harmonics, and in 
analysing a wave form we have only to deal with odd harmonics. 

For the methods employed in wave analysis the reader is referred to a 
te.\tbook of alternating-current theory.* 


RD.s, &c., were of pure sine-wave form. In 



PiC' 47 


‘ For iostaiu'e, Cour and Bnigstad. Tktory and Calculation of Electric Currents. 
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Effective Value of a Wave containing: Harmonics. — It may be. 

shown that in all calculations involving irregular waves each harmonic 
contributes its effect quite independently, and that the effect of the com¬ 
plete irregular wave is the same as tlie joint effect of the component 
waves. Thus the heating effect of the irregular wave is equal to the sum 
of the heating effects of the fundamental and each harmonic. In calculat¬ 
ing the effective value of the irregular wave we first obtain the effective 
value of the fundamental and of each harmonic present, and take the square 
root of the sum of their squares. 

Form Factor.- -The form factor has already been defined as the ratio 
I- = y, and the mean value is determined by taking the sum of the 

mean values of the funda¬ 
mental and the different 
harmonics present. The 
form factors correspond¬ 
ing to figs. 47 and 48 are 
1.058 and 1.25 respectively. 

It will be seen that the 
more peaked the wave¬ 
form is the greater the 
form factor becomes. In 
the limiting case of a flat- 
topped wave (i.e. a rectan¬ 
gular wave) the effective 
and mean values are ob¬ 
viously equal, and y = i. 

Effect of Inductance 
and Capacity on the 
Wave Form.—When an 
irregular E.M.F. is applied to a circuit c(jntaining inductance or capacity 
the current is the resultant of the currents due to the fundamental and 
harmonics. 

Let / equal the frequency of the fundamental, and suppose that the 
E.M.F. is applied to an inductive circuit of which the resistance is 
negligible. 



Then I, = 


1 .. 


K. 

2,r/i; 

6t/L' 

E, 

2 mr/V 


where E,, I, refer to the fundamental, Ej, Ij to the 3rd hannohic, and 
so on. 

Hence, if <r, be the amplitude of the «th harmbnic in E.M.F. wave, its 
amplitude ift the current wave will be proportional to The harmonics 
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of the E.M.F. wave are therefore reduced in the current wave, the reduction 
being greater the higher the harmonic. 

An inductance therefore tends to make«the current wave smooth. 

A capacity has the opposite effect, for 

I, = E, 2 t/C, 

I, = E,6x/C. 

I„ = E, 2 X « fC. 

The amplitudes of the liarmonics are therefore multiplied in proportion 
to their frequency, and the current wave is much more irregular than the 
E.M.F. wave. 

Resonance.—With an irregular wave form e^ch harmonic is capable 



of producing resonance. As an example, let /r be the frequency at whic! 
the fundamental resonance occurs in a circuit to which an E.M.F. of 
irregular wave form is applied. 

As long as the frequency of the fundamental exceeds /, resonance 
cannot occur. If, however, the frequency of the fundamental is reduced 

to then the frequency of the «th harmonic becomes equal to /„ and 

resonance with this harmonic takes place. A resonance curve for an 
E.M.F. wave containing a 3rd harmonic is shown in fig. 49. 

It is therefore of some importance to examine the conditions for 
resonance te/V// f/it harhwnks, in an installation in which the E.M.F. wave 
form is irrsgujar. 

Effect of Wave Form on the Performance of Electrical Ap¬ 
paratus'.—It has been found that any deviation of the w-ave from sine 
form in a circuit leads to an increase in the eddy currents both in the 
copper conductors of tl\e circuit and in the iron linked with the circuit 
In addition, the pressure drop for a given current is a minimum when 
the wave is of pure sine form. For these reasons, a sine wave gives 
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the highest efficiency in cables, transformers, and electrical machinery 
generally. 

The stress put upon the insulation is less, however, with a flat-topped 
wave than with a sine wave, and the hysteresis losses are less with very 
peaked waves. In lighting circuits a flat-topfied wave form is of some 
advantage, since the current remains for a longer period near its maxi¬ 
mum value, and the frequency at which fluctuations of the light become 
visible is therefore lower. 

With arc lamps some trouble has been c.iused by the loud humming 
produced with a peaked 
wave form. 

A choking coil placed 
in series with the arcs sup¬ 
presses the harmonics, and 
the difficulty may be got 
rid of in that way. The 
best wave form for an in¬ 
stallation is the one that 
departs least from sine 
form. 

At the present day, in 
the design of A.C. gene¬ 
rators, every effort is made 
to secure as near an ap¬ 
proach as possible to a 
sine-wave form. The devi¬ 
ation from sine form in 
modern machines rarely 
exceeds 5 per cent. 

The Delineation of 
Wave Form.—The wave 
form given by a generator 
may be determined by 
measuring the P.D. at the kij 50. -D„ddui OKiii.>grapt.i 

terminals of a condenser, 

which, by means of a rotating contact-maker on the shaft of the machine, 
is connected once every revolution across one pair of terminals of the 
machine. By shifting the contact-maker by small steps a set of readings 
may be obtained, from which a complete wave may be plotted. 

A piece of apparatus which will give a continuous record of the wave 
form is, however, more generally u.seful. SucK a piece of apparatus is 
called an oscillograph, and several types are in use. An oscillograph is 
often of special value from its ability to give a record of transient con¬ 
ditions, such as those occurring when transformers are switdied in or 
out, &c. 

Duddell Oscillograph.—This instrument, whi:h was originally sug¬ 
gested bx Professor Blondel, is largely used in this country. It consists 

> Figi. 5 P and 51 are taken from the Journal ofihe InttituU of EUetrual Enf^inters, by pennisiion. 


i 
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essentially of two strips of phosphor-bronze rf/ (fig. SO), which are stretched 
between the poles of a powerful magnet N S, by means of a spring-balance 
attached to a pulley P. The circuit is so arranged that the alternating 
current passes up one strip and down the other. 

When any current is sent 
through this arrangement both 
of the sjtrips wilt be deflected, 
as is well known from the fact 
that a conductor carrying a 
current, when placed in a mag¬ 
netic field, tends to move in a 
directiot^j perpendicular both to 
itself and to the direction of 
the field, but, since the current 
flows up one strip and down 
the other, the deflections will 
be in opposite directions. In 
order to indicate the deflection 
of the.se strips a little mirror M 
is stuck on to them, so that 
when the strips are deflected 
the mirror will turn, and the 
direction in which it will turn 
will depend on the direction of 
the current flowing in the .strips. 
Such, in its barest 
outline, is the instru¬ 
ment known as the 
Duddell Oscillograph. 
A general view is 
shown in fig. 51. The 
' conditions that it h.as 

to fulfil, in order that 
it may serve as an 
accurate recorder of 
the current, require 
that a special con¬ 
struction of the parts 
should be adopted. 
In the first place, the 
moving parts must 
be .made of such a 
size that they will be 
able to follow the rapidly changing forces that are made to act upon them. 
If the strips are to follow very rapidly changing forces they must be able 
to move with great rapidity, or, in other words, their " free periodic time " 
must be very small. In an actual oscillograph, such as we are^consider- 
ing, the strips, when deflected, will complete a back-and-forth movement 



FI];. 5t.- UutJileli OscilK fitaipti. view 
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in one three-thousandth of a second, and with this instrument it is easy, 
to record quite accurately the wave form of an alternating current with 
a frequency of lOO. 

It is not sufficient, however, that the moving parts be small and 
that their free periodic time be small, since, even with these conditions 
perfectly fulfilled, the instrument will still not record accurately unless 
the movement be “damped 

Supposing that we have an instrument in which these conditions 
are fulfilled, the difficulty that now arises is that, although we know that 
the instrument is being deflected by a varying amount, it is impossible 
to distinguish the various deflections; when the alternating current is sent 
through the strips all that is seen is a band of light reflected from the 
mirror on the screen. In order to actually see the wave some means must 
be devised of spreading the curve out; if the deflection be hori2(vital, the 
spot of light must be moved vertically so that it is not in the same vertical 
position for ever)’ deflection. This is effected in a variety of ways, tlie 
simplest of which is by the use of an o.scillating mirror. The spot of 
light, when it has been deflected, is not \iewed directly, but its reflection 
in a rapidly turning mirror is observed. In the ca.se above taken, in wliich 
the motion of the spot is horizontal, the mirror is turned round a horizontal 
axis, so that an up or down vertical motion is given to the image of the 
spot, which is projected on to a screen and traces out the wave form. 

The mirror is usually actuated by a cam driven by a small sj’nchronous 
motor running off the supply of which the wave form is being taken. 
A shutter is connected to the shaft of the motor, and cuts off the light 
until the mirror has returned to its original position. 

In recording transient phenomena a photographic method is employed, 
the light from the filament mirrors being projected on to a rapi<ll)' niovmg 
* photographic plate or cinematograph film. 

Irwin Hot-wire Oscillograph. — This instrument ch-fiends lor its 
action on the unequal expansion of two wires which carry respectively 
the sum and the difference of two currents, one a ste.idy polarizing current 
and the other an alternating current derived from the current or pre.ssure 
of which the wave form is to be determined. 

The two hot wires CC,D, U and E E, K, K (see fig. 52) are fi.xed at 
their lower ends, and are electrically connected at I) E. I hey pass over 
an ivory pulley and cross diagonally, but are insulated from one another. 
Two horizontal wires (omitted in the figure for the .sake of clearness) 
connect C, to D, and E, to Fj. 

These wires cross each other without touching and permit of the free 
elongation of the vertical wires, but prevent thejr moving horizontally, 
and also practicallyjimit the current in the vertical w;res to the^part below 
these cross wires. The wire between F, and the pulley is bed, by a loop 
of insulating thread, to the wire between D, and the pulley, and the other 
pair of wires are similarly tied. 

The wires are kept taut by the tension of a spjra' spring by which the 
pulley is suspended. A mirror is fixed across the wires near the points, 
where they^re tied together, and when the wire EE| F, F is heated more 
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than the other the mirror makes an angular movement in the direction 
shown by the arrows. The motion of the wires is damped by the 
immersion of the element (up to tiie level.indicated by the dotted line) 
in an oil bath. ' 

The working principle is briefly as follows:—In fig. 53, which shows 



the connections of the pre.s.sure element, CD and ef are the hot wires 
If the resistance of CD is equal to that of EF, equal r say, then a steady 
current, I. say. will flow in each wire. ^ 

If now an alternating current of which i is the instantaneous value 
be sent through both wires in series, then* the rate of heating at any 
* instant will be in the one wire (/ + 

and in the other (t — !„)* r. 

The deflection of the mirror at any 
instant is proportional to the difference 
of the rate of heating in the two wires, 
i.e. to 4« I.r. Since I, and r are con¬ 
stant, the deflection is proportional to 
the instantaneous value of the current. 
Owing to thermal lag the deflection lags 
slightly behind the current This is com¬ 
pensated for in the case of t^c pressure 



Fig. 53*~Coaiieaton!t ofPreMure Element 


-.1.1 ♦ lur m tne case Ot the 

element by connecting in .series with the wires a shunted condenser KR 
which causes rtie current in the hot wires to lead the P.D. between X a^d Y 
by an amount equal to the lag of the deflection behind the currSt I 
In the case of the current element the correction is made by shunting 
the wires by a resistance R and connecting an inductance S in serij 

(see fig. S4). The time constant ^ of S and R must, if exactly similar 
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wirn are used for the pressure and current elements, be equal to C R„ the 
product of the capacity of K in farads and the resistance of R, in ohms. 

The viewing arrangements are very similar to those employed with 
the Duddell Oscillograph. The synchronous motor is of special design, 
and can be made to run steadily at 

sub-synchronous speeds. This is of _ X 

advantage when slow periodic varia¬ 
tions have to be detected, since a 
number of complete waves in.stead of 
a single one are seen on the screen. 

For the tracing of transient pheno¬ 
mena the motor is stopped, and the 
record is obtained photographically 
upon a rapidly moving plate or cine¬ 
matograph film. 

Cathode Ray Oscillograph. — 

This is a type of oscillograph occa¬ 
sionally met with, although in this 
country its use is not so general as 
that of the types just described. It depends for its action on the deflection 
of a pencil of cathode rays by a magnetic field proportional to the current 
or P.D. of which the wave form is being determined. 



CHAPTER IX 

HIGH-FREQUENCY MEASUREMENTS 

The low-frequency currents which have licen dealt with in the preceding ^ 
chapters have in practice frequencies varying from, say, 25 to 100 cycles 
per second. When the frequency is of the order of 1000 or over, the 
currents are said to be high-frequency currents or oscillatory currents. 

The latter name is, however, generally reserved for currents whose 
frequency is very high, say, a million or over. It must be understood that 
these terms are relative only, and that there is no hard-and-fast distinction 
between them. 

It is found that the constants of an electric circuit are not the same for 
low and for high frequencies. High-frequency measurements form a class 
of their own, and the methods employed differ from those suitable for low- 
frequency measurements. Up till the present time high-frequency currents 
have only been practically employed in radio telegraphy anjl telephony, 
although recently their use for power transmission has been suggested. 
The rapid advance of radio telegraphy and telephony during re<;ent years 
has brought the subject of high-frequency measurements into great promi¬ 
nence, and it is proposed in this chapter to describe briefly a few of the 
methods oimmonly employed. 

Measurement of High-frequency Current—The excessive reactance 
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t»f A.C. ammeters having coih through which the current passes precludes 
their use for the measurement of high-frequency currents, since their in¬ 
troduction entirely alters the conditions existing in the circuit. For this' 
reason the greater number of current-measuring instruments employed in 
high-frequency measurements are of the hot-wire type. For fairly large 
currents, such as the current in a transmitting aerial, an ammeter of the 
ordinary stretched-wire form already described* may be employed, but 
large errors are possible. For small currents the .electrical thermometer, 
invented by Snow Harris and shown in fig. 55, is more suitable. The 
bulbs A and B are connected by a U-tube, 
the lower part of which is filled with liquid. 

The bulb A contains a fine wire (or a 
number of fine wires) through which the 
current fo be measured is pas.sed. The 
heat generated in the fine wires causes the 
air in the bulb A to expand, thus forcing 
the column of liquid up the limb of the 
tube connected to B. 

The bulb B is added to prevent errors 
due to change in the temperature of the 
surrounding air. 

In another class of hot-wire instruments 
a thermo-junction is placed near or in con¬ 
tact with the fine wire, the temperature of 
which is recorded by a sensitive galvano¬ 
meter or milliammetcr connected to the 
thermo-junction. The recording instru¬ 
ment may be calibrated to read currents 
directly by passing a series of known 
steady currents through the hot wire. It 
fiVs recently been found by Messrs. Camp¬ 
bell and Dye* that air-core and iron-core 
transformers suitably designed give accu¬ 
rate results for currents of from i to 50 
amperes at frequencies from 50,000 to 2,000,000. The transformers are 
used in conjunction with a thermo-couple and milliammeter. 

The Einthoven String Galvanometer shown in fig. 56 is an instrument 
of entirely different principle, and is exceedingly sensitive. 

A fine metallic filament or "string”, as shown in fig. 57, is placed in 
an intense magnetic field. 

The filament carries'the current to be measured, and is deflected to and 
fro as the current alternates. The natural period of thd string is adjustable 
by altering the tension, and may be made as small as .second. The 
material'of the string varies according to the purpose for which the instru¬ 
ment is to be used, and is either a fine copper or silver filament, or in 
certain cases a silvered-'^lass filament. The deflection of the filament is 



« See Chapter V. D.C. Measurements 
■ Paper read ^»efore the Royal Society. March. 1915. 
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obsen-ed either by a microscope or from an irtiage of the filament projected 
on to a screen. 

A record of the movement of the filament may also be taken photo* 
graphically. The filament is incapable of following the alternations of 
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currents of the frequencies of those employed in radio-telegraphy, but it 
has been largely used for measuring the strength of received signals 
through the medium of the uni-directional currents in the detector circuit. 

From its great sensitiveness it is admirably suited for such a purpose. 

Measurement of Inductance and Capacity.- When a steady current 
is passed through a homogeneous conduc¬ 
tor, the current is uniformly distributed 
over the cross-section of the conductor. If 
an alternating current be employed, it may 
be .shown that the current distribution is no 
longer uniform, but that the current density 
in successive shells increases as the shells 
are nearer the outer surface and farther away 
from the axis of the conductor. Although 
at low frequencies this effect is not strongly 
marked, at very high frequencies the current 
is almost entirely'confined to a very thin 
shell at the outer surface of the conductor. 

This phenomenon is known as the sh'» effect, .^s a re,sult of this effect 
the inductance of a circuit is less at high frequencies than at low ones. For 
this reason it is generally advisable to make inductance measurements at 
approximately the normal frequency employed in the circuit. 

This remark also applies to capacity measurements. At the high 
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potentials and frequencies employed in radio-telegraphy a glow discharge 
is liable to occur, which increases Ike capacity. 

In many cases inductance and capacity measurements may most con¬ 
veniently be made at relatively low frequencies of, say, a hundred or so 
cycles f>er second. Very many methods of this kind have been employed, 
although a number o( them are chiefly of academic interest 

Others, such as the Anderson Method for the measurement of induc¬ 
tances, the De Sauty Method for the comparison of capacities, and the 
Fleming Method for the absolute measurement of capacity, are in practical 
use, and will be found described in many textbooks and electrical labora¬ 
tory handbook^* Our attention will, however, here be confined to the 
making of measurements at frequencies of the order of those employed in 
radio-telegraphy. 

The Fleming Cymometer.—This well-known instrument provides a 

simple and accurate means 
of measuring, not only high- 
frequency inductance and 
capacity, but also wave¬ 
length and frequency. The 
general arrangement is shown 
diagrammatically in fig. 58. 

The instrument in itself 
consists of a closed circuit 
containing a standard in¬ 
ductance L and a standard 
capacity C, both continuously 
variable. The capacity con¬ 
sists of several tubular condensers connected in parallel. Each condenser 
consists of an outer tube sliding oyer an ebonite tube, which forms the 
dielectric and separates the movable outer tube from the fixed inner tube. 
The handle ir which moves the outer tubes also moves a sliding contact K 
over the standard inductance (which consists of a helix of stout copper 
wire mounted on an insulating tube), so that the inductance and capacity 
are simultaneously varied. The connection between the capacity and 
inductance consists of a rectangular copper bar, the section A B of which 
is detachable. The instrument has a natural electrical frequency whid) 
is given by 

2xv/CL’ 

where C «= capacity in farads, 

* L = inductance in henrys. 

I 

W 

By varying C and L the natural frequency may be varied in the usual 
type of instrument over a range in which the highest frequency is about 
12 times the lowest. If, now, a straight conductor, forming part of an 
oscillatory circuit in which a high-frequency current is flowing, be placed 
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paraiici ana fairly near to the straight part BO of the copper connecting 
bar of the cymometer, a high-frequenqr current will be produced in the 
instrument, which will have a maximum value when the natural frequency 
of the cymometer has been made equal to the frequency of the current in 
the oscillatory circuit. The indicator ordinarily used is a neon or carbon 
dioxide vacuum tube connected across the terminals of the tubular con¬ 
denser. The tube glows with maximum brilliancy when the natural 
frequency of the cymometer has been adjusted to equal the frequency of 
the oscillatory circuit. When quantitative results are required the bar 
A B is replaced by a connector containing a hot wire with a thermo-couple 
connected to a sensitive galvanometer, from the reading of which the 
effective value of the current in the cymometer is obtained. 

Measurement of Capa¬ 
city.—In order to measure a 
capacity by means of the 
cymometer this capacity is 
connected in series with a 
standard inductance I., and 
a spark-gap G (see fig. 59). 

This forms an oscillatory cir¬ 
cuit in which high-frequency 
currents are produced by 
means of an induction coil J 
which causes oscillatory dis¬ 
charges to take place. The 
cymometer handle is moved 
until the glow in the vacuum 
tube is a maximum. The 
value of the oscillation con¬ 
stant is then read off on the 
scale over which a pointer attached to the sliding contact K moves. jThe 
oscillation constant isN/C L, and for convenience the scale gives the value 
of this when C is expressed in microfarads and L in centimetres (absolutt 
electromagnetic units). 

U'hen the cymometer and oscillatory circuit are in re.sonance their 
oscillation constants are equal. 

v/C L = n/C 7 L„ 

where C* = unknown capacity in microfarads, 

L, = standard inductance in centimetres. 

Calling the value of >/C L, as read off from the cymometer scale, 0 « 

Cx = ^ microfarads. 

A suitable variable standard inductance, of which the values are given 
in centimetres, is supplied with the cymometer. 

Measurement of Inductance.—The measurement of an unknown 
▼oi. I 10 
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inductance is carried out in a similar way, A capacity is first carefully 
measured as described above. The standard inductance is then replaced 
by the inductance to be measured. The value of tlie oscillation constant 
at resonance is then determined, and as before— 

\/C L — \/C, L„ 

where L, is the unknown inductance, and C, the capacity just 
measured and used as a standard. 

o* 

♦ T — centimetres. 

•• - c, 

A very small inductance is best measured as the difference of two 
inductance.s. In this case the inductance to be measured is connected in 
series with'the standard inductance. 

If Or is then the oscillation constant for resonance. 


O 

and L, = - L,. 

Measurement of Frequency.—The frequency of an oscilhatory current 
flowing in a circuit may be directly determined by the use of the cymo¬ 
meter. 1 he straight copper bar of the cymometer is placed parallel and 
fairly near to a straight conductor of the circuit in wliich the oscillatory 
current is flowing. It may here be remarked that it is very important, 
in making nwy measurement with the cymometer, to place it as far from 
the o.scillatory circuit as is consistent with a clear indication. 

A close coupling between the cymometer and the oscillatory circuit 
allows the circuits to react upon one another in such a way that currents 
‘ ofc'wo diflerent frequencies are superimposed upon one another in f/p/A 
circut/s, neither frequency being equal to the natural frequency of either 
circuit. In order to avoid this the coupling must be made as loose as 
possible. With this precaution the cymometer handle is moved until 
resonance occurs, and the value of the frequency is read off directly on the 
frequency scale of the cymometer. 

Another scale, which gives directly the wave lengths corresponding 
to the various positions of the cymometer handle, is also provided. This 
allows of the direct measurement of the wave length of the electromagnetic 
waves radiated by an aerial. 

Several other instruments based on the same principle are dn common 
use. 

They differ in the use of a detector and telephone, or else a hot-wire 
ammeter, .as an indicator of resonance. The Marconi Wavemafer and the 
Donitz VVavemeter are well-knowa examples of this class,,^and will be,'' 
found described in most textbooks of Wireless Telegraphy, 

Measurement of High-frequency Resistance—Ot^ng to the skin 
effect already mentioned, the resistance of a condUctorviaoewarcc for hiirh- 
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frequency currents than for low-frequency ones. In effect, the available 
cross-section of the conductor is diminished owing to the current being 
practically confined to a thin surface shell when the frequency is high. 
For a given straight circular-section wire the high-frequency resistance 
may be calculated by the use of the following formula;, which arc due 
to Lord Rayleigh:— 

,, R' liigli-l'requencv resistance ' 

If -ir = ratio ’.- •-,-, 

R steady-current resistance 

c = circumference of the wire in ceiitinit'lres, 

f = frequency of the current, 

/, = steaily current resistivity of the material of the wire 
expressed in absolute C.G.S. units, 

/c' 

b - — = a constant. 

!> 

Then, if k is less than unity, 

R' _ ,>!•*_ ft * _ 

R ‘■*■48 2880’ 

and if k is very much greater than unity, sav, at least equal to 6, 

= .ts/X' 4 - i- 

It will be seen from these formula; that if the circumference c of the 
wire is very small, the high-frequency resistance differs very little from 
the steady-current resistance. 

Hence, if the conductors employed in high-frequency circuits fie made 
’ of stranded cables, consisting of very fine insulated wires, the increa.se of 
resistance may be made negligible. 

The measurement of a high-frequency resistance by a direct metlftd 
is seldom practicable, since this involves the enclosing of the resistance 
in the air bulb of .in electric thermometer. Several indirect methods 
for the determination of the high-frequency resistance of an aerial are 
employed, and depend upon the measurement of the decrement of the 
aerial. For a de.scription of the apparatus and methods employed, the 
reader is referred to a textbook of Wireless Telegraphy. 
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GKNEKAL I'RINCIPl.ES 

In the following article an attempt has been iiia<le to present the 
fundamental principles of the continuous-current generator, and also to 
demonstrate, in an elementary manner, the chief guiding rules in the 
design of the various ty[)cs of these machines. While attempting to 
preserve the e.\cellence.s of the old article, its sphere of u.sefulness, it is 
hoped, is extended by the introduction of the more elementary concepts, 
and also by the introduction of matter other than design. The writer 
realizes to the full the great difficult)’ of treating such a subject in the 
short space at his disposal, and also in a manner to apjieal to the class 
of readers for whom it is intended. 

Use has been made of the standard treatises on the subject, and also 
of the I.E.lt. proceedings, &c. 'I'he writer is indebted to these sources for 
his information. Much progress has been made in the design of direct- 
current generators within the last decade, and the exacting requirements 
of modern specifications have rendered radical changes necessary and 
imperative. 

The Function of the Dynamo.—The dynamo is essentially a gene¬ 
rator of electric pressure, and its function is to maintain this pressure when 
current flows. 

The principle of electromagnetic induction, discovered by h'araday, 
states that, when a conductor is moved across a magnetic field .so as 
to cut the lines, an electromotive force is induced in the conductor. If 
the conductor forms part of a closed circuit, current will flow from the 
higher potential to the lower. The magnitude of this electromotive force 
will dejiend on the rate of cutting of the lines of force. The absolute unit 
of E.M.F. is that produced in a conductor when one line of force is cut per , 
second. The practical unit, called the volt, is lo*’times the absolute unit.. 

The direction of the E.M.F. induced in the conductor depends on the 
direction of motion across the field of force. It may be fbund by the 
following rule: Place the forefinger of the right hand along thtf direction 
of the lines of magnetic force. Extend the thumb at right angles to the 
fingers, and place the hand so that the thumb points in the direction of the 
motion. The middle finger, bent so as to be at right angles to the palm of 
the hand, then points in the direction of the induced E.M.F. 

IM 
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• A rectangular loop of wire revolving in a magnetic field about an axis 
at right angles to the lines of force is shown in fig. i. 

The ends of the loop are connected t6 two metal rings, and a circuit 
R is connected to the two rings. When the armature is rotated uniformly 

in a counter-clockwise direction 
the sides of the loop have an - 
E.M.F. induced in the directions 
shown by the arrows. The two 
inductors 'are moving in the field 
in opposite directions, and hence 
the directions of the E.M.F. will 
be opposite. The conductors are 
connectedlat tJie ends, so that these 
E.M.F.s are additive, and there¬ 
fore the total E.M.F. will be twice 
that which is induced in a single 
inductor. It will be seen that when 
the plane of the loop is in the 
same direction as the lines of the field, the rate of cutting is a maximum, 
and also when the loop is at right angles to the field the E.M.F. is zero. 
When the conductors have rotated through l8o° the direction of the E.M.F. 
in the conductors is reversed, and also the direction of the current in the 

e.xternal circuit. The E.M.F. 
is an alternating one, and the 
current it produces is likewise 
alternating in value and direc¬ 
tion. For many applications 
a current constant in value 
and uniform in direction is 
required, and we must now 
enquire how this result is to 
be accompli.shed. In the first 
place, we shall consider how 
constancy of direction can be 
attained. This is effected by 
connecting the ends of the loop 
to a split metal ring, the two 
halves being insulated from 
each other. By placing the 
brushes, which are of sufficient 
width to span thd insulation 
between the segments, in such 
a position that they pass from 
one segment to the other when 
the induced E.M.F. is zero, the current in the external circuit is uniform in 
direction, while still alternating in the loop itself. In effect, we have simply 
altered the connection of the loop to the external circuit at the instant when 
the induced E.M.F.changed in direction. That this is so will be seen from fig.2. 
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In fig. M the inductors t and /are under N. and S. poles respectively, 
and the current flow's from segment S„ throug*h the po.sitive brush and ex¬ 
ternal circuit to .segment S.j to the inductor / When the loop has rotated 
through i8o° (fig. 2^) the current (lows through e and / in the op|X)site 
direction, but the segments S, and S, have also moved through i8o“, and 
the current will flow from Sj to S, in the same direction around the c.xternal 
circuit as before. We have therefore rectified the current in the external 
circuit, but it still fluctuates in value from zero to'a maximum as the loop 
moves from between the poles to a point midway under the pole. We 
shall now consider the means whereby constancy of K.M.F. and constancy 
of current in the external circuit can be obtained. Consider first a bipolar 
ring armature with a number of coils wound evenly around the |)eriphery 
of the hollow c)'linder. and let the end of each coil be joined to the begin¬ 
ning of the next through a commutator segment; then, provided^he number 
of conductors in a single cir¬ 
cuit are sufficiently great, the 
E.M.F. generated will be sen¬ 
sibly constant. This division 
of the commutator into as many 
segments as there are coils was 
invented by Pacinotti in i8fx3, 
but was little used till Gramme 
took it up. The brushes are 
placed on the neutral line of 
zero field, so that the short- 
circuiting of a coil or coils has 
little or no’effect on the E.M.F. 
at the armature terminals. The instantaneous value of the total !-,M F., 





in a circuit consisting of several coils in scries is eipial to the sum of the 
instantaneous E.M.h'.s induced in each coil. That this .addititui of I*. M.F.S 
produces constancy will be readily .seen by considering a bipolar/ring 
armature with, first, one coil only per circuit. 

The full-line curve, marked l in fig. 3. slunvs the variation of E.M.F. 
with angular displacement for one coil only. Now let another coil be 
wound 90’ aw'ay from coil l, and let it be j<jined in .series with it. "The 
instantaneous E.M.F'. of coil 2 is shown by the dotted lines in fig. 3 - The 
total E.M.F'. at the brushes is obtained by adding the ordinates of the two 
curves, and this gives curve 3. It will be seen that the fluctuation in E.M.F. 
is reduced from too per cent from the mean value to abmit 30 jrer cent. It 
is quite clear that by adding more coils and connecting them in series, the 
end of one coil being connected to the beginning of the next through a 
commutator segntent, the fluctuations can be readily reducqjl, and with 
about 30 coils |jer circuit an E.M.F'. is generated the fluctuations of which 
can only be detected by the oscillograph or telephone. 1 he commutator 
segments perform two functions. In the first place, they serve as the 
junction-points between succe.ssive coils, and, seib.’diy, their true function 
is called out when the coil passes from under one [x>le to the next of 
opposite sign. The E.M.F. is then reversed,^and the current likewise must 
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change sign. If is thus necessary to short-circuit the coil niiiwa:y 
the poles in prcler to cause the current to die away and reverse' its direc¬ 
tion. This is done by the action of the brush bridging over two or more 


segments. 

There are two distinct types of windings,' 


Ring ” and “ Drum In the 
“ Ring ” type, which is now 
practically obsolete, the 
wftiding consisted of a 
number of spirals wound 
on a hollow cylinder, the 
beginning and end of each 
coil terminating in a com- 
mufator segment. Its great 
advantage was that the 
voltage between adjacent 
wires, being but a small 
fraction of the terminal 
voltage, the insulation of 
the wires presented little 
difficulty. It had many dis¬ 
advantages, however, chief 
among which was the large 
amount of inactive wind¬ 
ing. The armature resist¬ 
ance and tlie weight of 
wire are therefore relatively 
large. In practice, drum 
windings are used, and we 
will now proceed to explain 
tlie rules for the connec- 
tionVjf the ends. In the first place we will consider the ordinary bipolar 
drum type having ten coils. The (leripher)' is divided into 20 equal parts, 
and from segment 1 we proceed to the front end of rvire 1, and from the 
far end of wire l to the far end of wire 10, and then from the near end of 
wire 10 to .segment 2, and from segment 2 to wire 3, and so on. The 
forward pitch in terms of the elements or winding spaces must be an odd 
number, and the back pitch must also be olid and must differ'by two from 
the forward pitch. In our ca.se, if Z = number of elements and p = pairs 
of poles, then the back pitch 

Z + 2 
yt 



y/ 

In our c.ase y* 


2 /» 

y< - 2. 
20—2 


= 9. 


andjy = 7. 


In formulating rules for the guidance of the armature winder the order 
of numbering of the elements is in the direction of the backward pitch at 


tib4 back end of the aratatute. In the case of drum Winding Wh coH 
side, whether consisting of only one wire or of several wires, is raided as 
a winding element The “ hand ’’ of the armature winding is determined 

the order in which successive connections to the commutator are made. 
Starting from a commutator sector and following the coil side nearest the 
iron core along till we reach the next junction to the. commutator, then if 
this falls to the right of our starting-point the winding is right-handed, and 
if to the left then left-handed. The order of progression round the com¬ 
mutator fixes the hand of the winding. 

It will be noticed in our previous example that with clockwi.se rotation 
the currents in the front connector of elements 14 and 7 are in opf)f)site 
directions, and so the brush must be placed at the .segment to winch 14 
and 7 are connected. The current enters at the negative brush and flows 
through two parallel paths to the positive brush. At the momcitt shown, 
the paths through the armature arc 

_ i 17 6 19 8 I 10 3 ij 5 MI , 

I 4 15 3 13 30 n 18 9 16 71''" 

Windings may be divided into two divisions, viz. “Lap" and “Wave". 
Wave windings are employed in machines of low output and are also well 
adapted for high-speed machines of intermediate output. The im|HJrtant 
characteristic of the simplex wave winding is that there are only two 
circuits through the armature, the number of circuits being entirely inde¬ 
pendent of the number of poles. Their u.se has been greatly cxtendetl with 
the introduction of interpolcs, since a larger current per circuit can then l)e 
allowed. The absence of circulating currents also in such windings renders 
their adoptioti desirable. 

Multiple-circuit or “ lap” windings are used for large outputs, and in the 
simpler form have as many circuits as there are poles. The pitch of a 
winding is the difference between the numbers of the elements which ye 
joined together. The rear and forward pitches must be odd numbers, 
and must be such that the winding closes on it.self after taking in every 
element as we proceed from the starting-point till the original conductor 
is reached. 

We will consider first Multiple Circuit Lap Winding.s. These may be 
either long pitch or short pitch. Here the front and rear |)it(.hcs must 
be odd, and differ by two. If the rear pitch is less than the pole pitch, 
then we get the chord winding of .Swinburne, and the conductors l«;tween 
the coil sides which are .short-circuited at adjacent bru.shes carry currents in 
opposite directions, so that their demagnetizing effect is neutralized. A 
moderate degree of thord winding is lx;neficial, since in the case of traithcd 
armatures the short-circuital coils fall in different slots. Their inductance 
is thereby decreased, and their commutating projK-rties are improved. 
They are used largely on crane motors and on machines without inler- 
pples. 

The mean pitch which equals is an even number, and is made 
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'equal to where Z « total number of winding elements. The number o 

inductors must be so chosen that this condition is fulfilled. Fig. 5 repre¬ 
sents an ordinary lap winding. The radial lines represent inductors in the 
slots, and the connecting lines inside represent the end connections to the 
commutator, and those outside, the end connections at the back of the 
armature. The thick black line traces out one coil or section of the arma¬ 
ture between two commutator segments. The diagram shows forty-eight 
inductors and twenty-four commutator bars. Ar» inductor at the front end 
is connected to the 9th ahead of it, and at the back to the yth behind 
it. The conductors will generally be arranged in two layers in a slot, so 

that the conductors 
per slot must be a 
multiple of two. 
It is convenient to 
number elements in 
the top layer odd 
and those in the 
bottom even. 

Assuming any 
direction of rotation 
and polarity for the 
poles, it is readily 
seen that there are 
as many circuits in 
the armature as there 
are poles and also 
as many collecting- 
points or brushes. 
Brushes of positive 
polarity are joined 
to form one common 
terminal, and simi¬ 
larly with those of 
negative polarity. Generally as many brushes as there are poles are used, 
in order to shorten the length of the commutator, but by connecting seg- 
160° 

ments which are apart, only two sets of brushes are necessary, with, 
of course, a longer commutator. 

Fig. 6 shows a short chord winding with twenty slots and one coil per 
slot. The slot pitch ta!<en is three forward and two back. The direction 
of the currents in the bars is indicated by crosses (away from observer) and 
dots (towards the observer). This e.\aggerated case shows how the bars in 
the intetpolar zone carry currents in opposite directions. With this arrange¬ 
ment, however, the E.M.F. is reduced, due to the differential action which 
is thus set up. Starting from the negative brush to trace through the 
winding, it is clear that there are four paths to the positive brush. It 
is clear from the diagram that in tracing out any two consecutive winding 
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units the second unit overlaps the first. Hence the name lap winding.- 
its characteristic feature is that in passing from one winding unit to the 
next we come to an element within the embrace of the two elements 
forming the first winding element. 

Owing to the fact tliat circulating currents are nearly always present 
in lap windings, they are ftted with equalizing connections. In order to 
obtain points at the same potential fur the addition of equalizing rings 



it is cs.sential that the number of slots be divisible by the pairs of poles. 
This is .seldom the ca.se in practice, for the number of slots are .so chosen 
as to suit the use of wave windings, which for an even number of pairs of 
poles must have an odd number of slots. In this ca.se “stepped windings” 
are used. • 

Multiplex Lap Windings. — Armature windings mr.y he simplex, 
duplex, triplex, &c., i.e. they may lx: wound with one, two, thtee, &c., 
independent windings. In the ca.se of the duplex winding there are two 
independent windings, each with its segments interleaved between those 
of the other. Two distinct commutators might be provided, one at either 
end of the armature, to which each w'inding might be connected to its 
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-separate commutator. The use of such windings is somewhat restricted, 
and is only called for when very large currents have to be collected. 

Let a = pairs of circuits, 
and p = pairs of poles. 

. Z = number of coil sides or elements ; 

« ' ■ 

, , . , Z + ^ 

then the rear pitch n = -. 

' 2 p 


and the forward pitch jy = - (. “J- 


'Z + 6 ‘2a) 

Tf ~ 7 

and tlw resultant pitch / = /r + // = 



sufficiently evident from the diagram, and we have 


We will illustrate this with a duplex lap 
winding having 6 poles and 6o inductors. 
The rear pitch in slots, assuming full pitch 
winding and one coil per slot, is 5, and in 
elements is 11. The back pitch jy = yr 
— 4 = 7, so that we go from element I to 
element 12, and then back to element 5. 
From element 12 we go to the third seg¬ 
ment from our starting-point. 

Fig. 7 shows the development of a few 
coils. The general march of the winding is 




I—12 

24 

36 

48 

6o> 

/ 

/ 

/ 

/ 

/ 

5~ i5 

17—28 

29-40 

41—54 

53— 4 

/ 

/ 

/ 

/ 

/ 

/ 

9 20 

21-32 

33-44. 

45L56 

57- 8 

/ 

/ 

/ 

/ 

/ 

■3- =4 

25 -56 

37-48 

49- 60 

I J 

3-14 

26 

3!i 

50 

2^ 

/ 

/ 

/ 

/ 

/ 

7-18 

0 

en 

i 

3' -44 

43-54 

55- 6 

/ 

/ 

/ 

/ 

/ 

11—22 

43-34 

35-46 

47—58 

59-10 

/ 

/ 

/ 

/ 

/ 

15—26 

27-3« 

0 

1 

51- 2 

3 


1st winding. 


2nd winding. 


0 


The brushes must overlap at least 2.5 commutator .segments in order to 
collect current from the two windings simultaneously. 

In the winding shown above, there are 12 circuits in parallel from 

the negative to the positive brushes. In a multipolar dynamo “ is not 

necessarily a whole number, and thus the addition or subtraction of b is 
necessary in the formula; for the rear and forward pitches. It may be 
necessary to use -1- b, -so that the rear pitch in slots may be a whole 
number. The use of — i gives a degree of chord winding depending -' 
on its value. It will be noticed that there is a greater difference in the 
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two component pitches than in the simplex lap winding* Again, the- 
winding may form one single closed helix, and )’ct there ipay be as 
many parallel paths through the artnature as in the case of the two 
independent windings. 

The condition for a duplex winding singly re-entrant is that the 

average pitch ( »•„ = and the number of segments or coils ( ^ J 

shafl have no common factor but iinitv. If the coihmon factor is 2, then 
we have a duplex winding doubly re-entrant. If 5, a triplex winding triply 
re-entrant, and so on. In ever)’ case the brush width must exceed 


nt — I sectors where m 


circuits 
• 2 />'' 


To secure the effective brush width the brushes ma\- be staggerccr 

Multiplex windings singly re-entrant are prefer.ible to multiplex wind¬ 
ings multiply re-en¬ 
trant, since each coil 
in the former passes 
successively through 
every parallel path 
during a revolution. 

W'c will now turn 
to Wave Windings. 

The characteristic of 
the simplex wave is 
that there arc onl)’ two 
patlis through tile 
winding, no matter 
how many poles there 
may be. The average 

pitch here is 

2 /> 

Both pitches must be 
odd numbers, and if 
the average pitch be 
odd, both the Iront and 
rear pitches may be 1 i*. e 

equal to the average 

pitch. Should the average pitch be even, then the front pitch requires 
to be less or greater than the mean pitch by 1, according as the rear 
pitch is greater or less than the mean pitch byT, • 

i.e. v/ - y,± i, 
and y, 1= y, + I. 



Fig. 8 shows an ordinary simplex wave singly Ye entrant winding. The • 
thick-black line shows a section or coil between two commutator segments. 
A reference to the figure shows that the pitch at each end is continuously 
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■forward, and 'not alternately forward and back. In the figure there are 
46 elements. 

The mean pitch = 

and the front and back pitches are equal to the mean pitch, 
i.e. = u, and =11. 

Fig. 9 shows a 4-f)ole wave winding with 22 elements. 


22 + 

The mean pitcli = —= 5, 



Fi*. 9 


and front ;iml rear pitches are each 5. The two circuits Irom the negative 
to the positive brushes are— 

i 5 10 15 20 3 8 13 18 I 6 

-|2- 17 7 2 19 >4 9 4 2' + 

\ i 16 11 

It will be noticed that the winding is continuously forward, and is 
hi character. Hence its name. The positions for the brushes can 
be ascertained by tracing the current.s. A positive brush .should be placed 
where two currents meet at a segment, and a negative brush where two 
arrowheads go in opposite directions through the winding. It is clear that 
only two sets of brushes are required so far as the collection of current is 
concerned. In order to reduce the length of commutator, however, it is 
usual to use as many brush .sets as there are poles. This frequently leads 
to sparking troubles, dup to the unequal division of currents at iJie brushes, 
owing to the difference of contact resistance, &c., and gives rise to what is 
called “ selective commutation ”. The addition of extra brush sets in no 
way altars the distribution of current in the windings. With coil windings 
in two layers, for complete similarity of all coils, it is necessary that 

the rear pitch in elemetits = rear pitch in slots x coil sides per slot + i. 
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lere rear pitch in slots. 

y, - rear pitch in elements, 

t, m elements per slot, 

and the slot pitch should not greatly exceed 

If all the slots in a tootlied wave armature are to be filled, then Z must 
be a multiple of the number of slots, 


or Z 
where n, 

and y average 


f, X «„ 

number of slots, 
c, X //, t 2 

2/ 


must be a whole number, e, is a multiple of 2, and it is clear Miat if >' 
average is to be a whole number, the numlxtr of slots must not be divisible 
by the pairs of poles. With more than 2-coil sides |)er slot, in multi|X)lar 
machines, only certain numbers of coil sides (ter slot will give a wave 
winding and at the same time fill all the slots. The following table shows 
the possible number of coil sides |ter slot to fill all the slots;— 


I’airs of circuits i. 
Poles. 

4 . 

<> ... ... I 

» . 1 

10 

12 ... ... 1 

') . 


Coil sides per slot. 

6 — 10 

2 4 - 8 10 

2 h — 10 

24 6 8 

2 --10 

24 6 8 to 


In using wave windings on the smaller ty|)cs of machines and on 
• motors it will often be found convenient to use a number of slots which 
is not an even multijtle of the coiumtit.-itor bars; as, for example, in an 
armature wound with 198 inductors. ^ 


99 commutator bans. 

50 slots. 

In this case a dead section, or 
two dead inductors, may fte 
used to fill up. This dead sec¬ 
tion is called a “dummy” coil. 
Sometimes, also, instead of a 
dummy coil, a "supplemen¬ 
tary” coil is used. Thus, con¬ 
sider the case of a winding for 
a 4-f)ole machine having 43 



slots and 86 coils with 2 turns fter coil. We have y average = 

4 

= 42J, which is not a whole number. To make the winding suitable for 

170 + 2 

a wave we mu.st use 85 coils, giving ——=— = 42 as the average [jitch; 


4 
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our rear and- front pitches are now 43^"** 4t> The supplemeritaiy coil is 
connectetj as shown in fig. lO. 

Again, duplex wave windings and triplex wave windings are used when 
a case arises in which a pattern already exists in which the number of 
p<jlcs is larger than the current per path calls for, and in which the bars 
and sectors become too numerous and small for cheap production with lap 
windings, it is possible to vary the number of circuits in such a case, the 
number always being a multiple of 2. For large current, low voltage, and 
high s(x;ed, multiplex wave windings are frequently used. The considera¬ 
tion which governs the choice of an armature winding is the value of the 
total current. In order to limit the reactance voltage the current per arma¬ 
ture path wifliout siwcial commutating poles should not exceed 150-200 
amperes. With interjxjles the value is 300-400. amperes per path. The 
use of «ivave windings is limited in the case of high-s|jeed, low-voltage 
machines by the number of sectors per pair of poles falling too low, the 
limit usually being 30 for constant E.M.F. 

Equalizing Connections. — With a lap winding we have as many 
parallel circuits as there are poles. It is thus practically impossible to 
avoid pressure differences in the various circuits, due to unequal strength 
of the magnetic circuits, to eccentric boring of the poles, unequal quality 
of iron in each pole, brackets, and projections on the yoke, &c. Such 
pressure differences cause local currents of considerable magnitude to circu¬ 
late through the winding and brushes. This may cause serious sparking 
troubles at the commutator, due to unequal loads on individual lines of 
brushes. In order to counteract this it is necessary with lap windings and 
also multiplex wave windings to use equalizing rings or cross connectors. 
These will be used to couple up points in the armature circuits which 
should be at the same potential. By their use the local currents are pre¬ 
vented from flowing through the brushes. • 

The following table represelits standard practice in the use of 
equalizing rings;— 



Lsr Windings. 

Wavk Windings. 

a 2. 

No. of Poles. 

No. of Rini^s. 

No. of Connectors. 

No. of Rings. 

■ 

No. of Connectors. 

4 

3 

_ 

_ 

_ 

6 

5-8 

tS -»4 

8-12 

16-24 

8 

8-12 

32-48 

16-20 

32-40 

10 


60 

24 

48 

12 

12 

7» 

30 . 

60 

M 

12 

84 

3 ° 

60 

•16 

12 

96 

30 

60 

i 3 

12 

108 

30 

60. 

20 

12 

120 

30 

60 

Section of rings used, 20 millimetres x 4 millimetres for lap, 
and 20 millimetres x a millimetres for wave. 
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Equalizing Connections for Multiplex Wave Windings.— These 
tend to reduce the tendency towards selective commutation. The condition 
for symmetrical equalizing connections is that 


segments 


pairs of circuits 

a fraction, and 


= a whole number. 


.segments 


is not a whole 


,, pairs of poles 

it . ‘t;-— is « isovkiv/ii. nizvi - ----- . i- 

pairs of circuits pairs of cncuits 

number, the parallel branches do not contain equal numbers of wires, and 
the E.M.F.s are unequal, and points of equal potential are absent. I’er- 
fectly symmetrical points for connection by equalizers are obtained with 

slc^s 

a whole number when —:— '—e— —r- whole number. 


(,) 

circuits 


(^) 


circuits 

poles 


a whole number when 


pairs of circuits 
slots 

pairs of piles 


whole number. 


If __— :—_ Is not a whole mimlx'r, the dissymmetry is due only 

pairs of circuits 

to the position of the bars in the slots, and can be removed by adding “2 a" 
dead bars (a = pairs of circuits). As an illustration of the use of equalizing 
rings, we will take an armature winding for a 6-pile machine with 141 slots, 
and 2S2 coils, e.ich having a single turn. The slots should be divisible by the 
pairs of poles for perfectly symmetrical equalizing connections. There are 
16 equalizing rings of section 20 millimetres x I millimetre. The machine 
has an effective output of 5;; kilowatts at foo volts and 735 r.p.m. (vari¬ 
able voltage generator). The winding goes from coil i to 96, 3 to 98, &c. 


Ring- 

I. 

M. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

Calx. 

I 

7 

13 

'9 

25 

3 ' 

37 

43 

Coil. 

95 

loi 

107 

"3 

119 

125 

' 3 ' 

'37 

Coil. 

189 

'95 

201 

207 

213 

219 

225 

23' 

Ring. 

IX. 

X. 

XI. 

XII. 

XIII. 

XIV. 

XV. 

XVI. 

Coii. 

43 

54 

60 

66 

72 

78 

84 

90 

Coil. 

142 

148 

154 

160 

166 

172 

178 

184 

Coil. 

236 

242 

248 

254 

260 

266 

272 

278 


As another example, we will take a double wave for a 12-pole variable- 
voltage machine, 710 b.h.p., 600 volts, 72 r.p.m. Winding 596 coils (single 
turn), stepfied winding singly re-entrant. 298 slots; 20 equalizing rings 
20 millimetres x 2 millimetres. The winding is as follows: Calling one ver¬ 
tical coil-side coil l, and the next coil 2, &c. Segment 1 to coil i and 50', 
and coil 50' to segment too. Segment too to coil 100, and then to coil 149'. 
Coil 149'to segment 199, and then to coil 199, the pitch of the coils being 
49 and 50 alternately. 50' denotes the bottom element in position of coil 5a 


Ring. 

I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

IX. 

• X. 

CoiL 

I 

294 

587 

284 

577 

274 

567 

264 

557 

254 

CoiL 

299 

592 

289 

582 

279 

572 

269 

562 

259 

552 

Ring. 

XI. 

XII. 

XIII. 

XIV. 

XV. 

XVI. 

XVII. 

XVIII. 

XIX. 

XX. 

Coil. 

448 

'45 

438 

'35 

428 

'25 

418 

"5 

408 

105 

CoiL 

150 

443 

140 

433 

• 3 ° 

423 

12b 

413 

no 

403 
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The E.M.F.'Equation .— 


Let Z = total number of conductors on the armature, 
N = flux per pple, 
n = revolutions per second, 
n = pa/rs of circuits, 
p = pairs of poles. • 


Then in one revolution 2 \/ lines are cut, and in one second 2 N lines. 
The voltage induced in 1 conductor is therefore 


The conductors per circuit are 


Z 


the K.M.F. between the brushes = Z N x lO"® volts. 

a 


With a lap-wound machine (simplex) p = a, and we have the E.M.F. 
•= N Z « X 10"® volts. 

'J'he inductors and end connections are of high conductivity annealed 
copper which is prepared electrolytically. Where the current is small and 
the sectional area of the inductor does not exceed 0.15 square 
centimetre, circular wires are used. The space-factor of the 
slot with such winding may sink as low as 0.25. It is much 
more usual, however, to use rectangular copper strip. In a 
low-voltage machine for, say, no volts with rectangular bars, 
the space-factor rises from 0.35 for small outputs at low 
speeds to 0.55 for large outputs. At 250 volts for normal 
speeds and outputs the ratio rises from 0.4 to 0.52, from 
40 to 200 kilowatts. 

The arrangement of the elements in the slot and the 
slot insulation usual- for armatures is given below. The slot 
insulation u.sually consists of turns of presspahn and mica 
0.4 millimetre thick, and one layer of O.15 millimetre tape 
with J-inch lap. This is placed on both top and bottom 
la)'cr. The micanite usually extends about J inch beyond 
the armature core at each end. The space thus taken up 
in the depth is 3.2 millimetres and in the width 1.2 millimetres. To retain 
the conductors against the action of centrifugal force wooden wedges are 
used in large machines, the slot being overhung, as shown in fig. 11. This 
prevents the radiation of heat from the coils. With smaller machines 
bands of special steel wire, non-magnetic, of No. 18 to 22 S.W.G., are 
wound in widths of 2'to 3 centimetres. 

The .Commutator and Brush Gear. — The successful operation of 
motlern multipolar generators depends to a large extent on the correct 
design of commutator and brush gear. The essential points with regard 
to the commutator to consider are as follows:— 

I. The bars must 1 ^ held in place absolutely rigidly. It should not be 
possible to drive down a bar by striking, the commutator surface with a 
mallet or hammer. 
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2. The bars must not be liable to be loosened by unequal expansion of 
the commutator due to frequent heating and cooling. 

3. Sufficient radiating surface must be provided to dissipate the watts 
lost, due to brush contact resistance and friction, without excessive rise of 
temperature. 

4. It must be possible to reduce the diameter of.the commutator by a 
reasonable amount in the course of successive turnings and grindings with¬ 
out in any way weakening or loosening the bars. 

5. The copper bars and the mica insulation between them must wear 
evenly, to avoid the formation of ridges of mica between bars, which will 
cause chattering of the brushes and sparking. 

As regards the first point, this depends on the goodness of the end 
clamping arrangements for holding bar-; * 

Fig. 12 shows different tj'pes of end-clamps in general use* Fig. I2<» 
shows an arrangement which has given every satisfaction. The top part of 
the clamping ring is slightly coned in order to give a good true seating for 
the bars, whilst the clamping down is done by the under side of the ring. 
This section of clamp-ring was adopted after very careful e.\perimcnts and 
with excellent results. The commutator sleeve is of cast iron, while the 
end ring is of cast steel. Fig. 12^ is a design by Mr. Parshall u.scd on a 
1600-kilowatt generator, and is arranged so that a segment of the clamp 
can be removed and repairs effecteil on a portion of the commutator with¬ 
out disturbing the rest. I’rom a study of the method of computing re¬ 
actance voltage per segment, given in Chapter Ill, it will be seen that in 
order to keep the value of this within the prescribed limits it is necessary 
to have a large number of commutator segments. In fact, in most modem 
machines alx)ve, say, 200 kilowatts, and wound for voltages of 220 or 
550 volts, it will be found that it is impossible to keep the value of re¬ 
actance voltage per segment within limits unless the maximum number 
of commutator-bars is employed; that is, unle,ss the number of commu¬ 
tator-bars is equal to half the number of armature inductors. Thi% at 
ordinary speeds, and with the proportion of magnetic surface generally 
employed, will necessitate a commutator diameter equal to something like 
0.7 to 0.8 of the armature diameter, as the thickness of the commutator- 
bars at the top must, for mechanical reasons, be not less than 0.2 of an 
inch, and should be more if possible. The thickness of mica generally 
employed between the segments is about 0.03 of an inch. As a rule, pure 
mica will be found too hard for this purpo.se, except for small commu¬ 
tators. If it is employed it will generally be found, after some months’ 
working, that ridges of mica have formed between the segments, which, 
if hot trued down with an emery wheel, will rapirlly get worse and cause 
sparking to appear at the brushes. Several insulation-makers manufacture 
a special quality of mica plate for use between commutator'segments. 
Care must be exercised in selecting these materials, however, as, &lthough 
a few types give excellent results, others are quite worthless. 

The insulating end-rings for insulating the commutator end-clamps 
from the bars are built up of mica strips stuck together by an adhesive 
material, such as shellac. They are then moulded under hydraulic pres- 
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*ure, the moulds being heated to drive off the shellac used as binding- 
material. 

It is a great mistake to make these end-rings too thick, a thickness of 




one-tenth to one-eighth of an inch being ample for generators wound for 
500 to 600 volts. If made much thicker than this the rings are liable to 
have soft places and ridges on the surface, which will cause trouble due to 
dropped bars, as the commutator expands and contracts under the changes 
of temperature it will meet with in practice. 
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The temperature rise at the surface of the commutator will, depend on 
the losses. The brush-friction loss is given in watts by the formula:— 

9.81 X peripheral speed of the commutator in metres per second 
X total brush area in square centimetres 
X brush pressure in kilogrammes per square centimetre 
X coefficient of friction. 


The brush pressure is usually 0.25 kilogramme jier square centimetre 
and ti e coefficient of friction is 0.3. The watts lost due to contact resist¬ 
ance are equal to the volts drop across the brushes x the total current. 



PEHiPHCRAL SPCtD OF COMMUTATOR IN METRES PER StC 
Fij. 13 


As a general rule, for soft brushes the volts drop across the brushes is 
about 1.5 and for hard carbon about 2. The watts per square centimetre 
can then be found by the u-se of the graph in fig. 13. 

The numlrer and size of brushes will depend on the current [x:r brush- 
arm. The soft varieties of carbon are used for low voltages up to about 
220 volts, and a permi.ssible current of 8,5 ampere ■ per srpiare centimetre 
is generally taken. .For higher voltages the harder varieties are used, and 
density of 7 amperes per square centimetre is used. The use of carbon 
bru.shes is now general, and it would be quite impossible to run 'modern 
traction generators, or, indeed, any generator on variable load, with any 
other type of brush without excessive cost of upk«en of both commutator 
and brushe-s. The part which the contact resistance plays in commuta¬ 
tion will be emphasized in the chapter on commutation. There are many 
types of brushes made which combine the good features of both carbon and 
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copper: Among these may be mentioned the Bronskol and the “ Endru- 
weit" brushes. These are used for low voltages and large currents, and 
have met with a varying degree of success. The large frictional losses with 
wax greatly reduced by impregnating them with paraffin 

Types of Brush - holders.—The successful operation of dynamos 
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depends in no small measure on the design of the brush-holders. These 
should be light in structure and with a natural period of vibration very 
diflerent from the period of the disturbing forces. Beside.s being light in 
construction they should nevertheless be substantial and strong. Fig. 14 
illustrates various types of brush-holders. 

The reaction type shown in fig. 14, a gives very g'ood results when used 
on a commutator running quite true, and having no movement due to 
vibration. In large generators coupled direct to tile crank shaft of slow- 
speed engines there is always a slight eccentric movement, due to the 
working of the crank-shaft in the bearings, which causes the brushes to 
pump up and down slightly. In the reaction - tyiie brush this contact 
movement has in time a bad effect on the cctiituct face of the holder, 




Ki*. 16 


and causes heating trouble. This is remedied in fig. 14, li by the addition 
of a flexible connection between the carbon block and holder. 

The carbon blocks are of the shape shown in fig. 15. A small bra.ss 
tube is let into the block, and into this a split-pin slide.s. From this split- 
pin a flexible connection is carried to the holder. When a new carbon ^ 
block has to be inserted the split-pin is pulled out of the old block, which 
is then removed from the holder and a new block is slipped in place, 
and the split-pin re-inserted into the brass tube. Fig. 14, c shows the 
girder or finger type. Very good results can be obtained from this ty[)c 
of brush, but it has many disadvantages. The distance between the 
carbon block and brush-spindle brings the end of the brush-spindle oppo¬ 
site and close to commutator lugs which are at a considerably different 
potential from it. If care is not taken in arranging the brush-gear there 
is a liability to flashing over between the.se when the machine is subjected 
to the heavy and sudden overloads to which traction and power generators 
are subjected. Fig. 16 shows the brush-holder used on Messrs. Siemens 
Brothers’ machines. It is light in structure and accomm(xlates two 
brushes, so that it is possible to remove one without interfering with the 
working of the machine. In small and moderate-size machines it is usual 
to support the bnish-gear from a ring mounted o.i the bearijig, but in 
larger machines the brush-holder ring carrying the collecting gea^r is sup¬ 
ported from the magnet yoke by means of brackets bolted to facings 
on the yoke. Fig. 17 illustrates this construction. It has the merit that 
it leaves the commutator free for inspection. 

The Magnetic Circuit—The different types of field systems in use 
are illustrated in fig. 18. The bipolar type shown in fig. 18, A is very 
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Fij. 17 


little used except for very small machines. The fjencral practice now is 
to employ yoke-rings of cast iron or cast steel with steel poles bolted to 
them, as in fig. 18, G. For machines having an armature not exceeding 
I metre in diameter the* best results are usually obtained by making the 
yoke-rings of cast steel. The cast-steel or laminated-steel poles are usually 
bolted on inside the yoke. In some cases solid poles and laminated pole- 
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shoes are used, but it is perhaps cheaper to laminate the whole pole. 
Atove I metre diameter of armature, ca.st iron is preferable for the yoke, 
being stifTer and stronger than cast steel, and not so liable to alter sha|)e 
after machining. Wherever possible a |X)le of circular section should be 
used, since it is the most economical section, giving the largest area for 


I 




r 



rig. li - of Field Magtieu 


the least perimeter. With laminated poles it is, of course, necessary to 
use a rectangular section, and the most economical rectangular section is 
the square Observance of these points leads to considerable saving in 
the amount of field-copper required. 

The pole span is usually from 0.7 to 0.75 in machines without inter- 
poles, and in interpolar machines this is reduced to 0.65 to 0.7. The edges 
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6 f the pole-shoes should either be chamfered or rounded off, or should be 
made of an elliptical shape to prevent too sudden variations of flux in the 
teeth when entering or leaving the pole-face. Bad cases of sparking are 
frequently cured by this artifice. 

The magnetic flux consists of two parts, one which cro.sses the air-gap, 
which we will call N;, and is cut by the condfictors, and the other, N/, 
which does not cross the air-gap, and is called the leakage flux. The total 
flux, which passes through the yoke and enters the pole Ny = N. -f N* 

N 

and the ratio is called the leakage factor. 


The magnetizing coil has to provide such a magaetic potential difference 
as will earn' the flux from C to B, via core, teeth, gap, pole, and yoke, and. 



since it maintains this magnetic P.D. on one side, it will .also maintain it 
^^on the other side towards il, since the two paths are in parallel. 

Let == sectional area of the yoke perpendicular to the lines 
of force, 

A/ = sectional area of the pole perpendicular to the lines 
of force, 

A^ = sectional area of the gap per pole perpendicular to 
the lines of force, 

A, =» sectional area of the teeth per pole, 

Ac = sectional area of the core. 


In order to determine the ampere turns necessary to force the flux 
across each part of the path a curve is required for each of the different 
materials used in the circuit, connecting induction density and ampere turns 
per centimetre length o|r path. Such curves for cast iron and’sheet steel, 
&c., will be given later. 

N 

The density in the yoke = — 

2 /\^ 

N 

T^he density in the pole = 



The apparent density in the gap 
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N 

The actual density in the gap » C 

where C » Carter’s coeflTicient 


f7» 


The density in the teeth 

* 


N. 

AT 


The different lengths can be scaled off from the 
diagram, and the total ampere turns calculated. 

We will consider the effect of the slots and ven¬ 
tilating ducts in reducing the effective value of the 
air-gap. Fig. 20 shows how the flux bunches on 
the teeth. If it were not for the slots and ventilat¬ 
ing ducts the air-gap area per pole would be \ t L,- 


Where X 


pole arc 
pole pitch’ 



Klg. M 


T = pole pitch, 

L. = gro.ss length of core. 


The air-gap area is reduced, due to the slots in the ratio 
X T L„ where - is the Carter coefficient. 


-, and is equal to 


Let ( = width of a tooth, 
and s = width of a slot, 

= pitch of slots at the armature circumference, 
then ar = / -f H j. 


B depends on the slot width and on the air-gap length, and its value 
is obtained from fig. 21. 



Kifi. ai 
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The Carter'coefficient for the ventilating ducts can be found in exactly 
the same way as that for the slots. Its’value is nearly unity, however, 
and the calculation is seldom made. There is a small amount of fringing 
at the pole-tips, which tends to increase the air-gap area, but its effect is 
counterbalanced by the fact that the air-gap length is increased at the tips. 
Its effect may be considered by taking the effectAe pole arc 

as the pole arc -f gap length x constant. 

The constant depends chiefly upon the ratio 

, distance between pole-shoes 
, length of air-gap 

and values ^or it are given by Mr. F. VV. Carter in fig. 22. 

In finding tltfe ampere turns for the teeth, the density at the top. 



middle, and root can be found, and Simpson's rule applied to the ampere 
turns per centimetre for each. It is sufficiently accurate to take tlie density 
Jrds down the tooth. The tooth section [jer pole 

tooth circumference |rds down to oth x X x nett Jength of core 
' poles 

The teeth are usually worked at a high degree of saturation for com¬ 
mutation reasons, and c(pnsities of 21,000 and 22,000 lines per square 
centimetre arc common at the roots. At these densities the permeability 
of the iron is low, and a certain percentage of lines pass through the air 
in the slots. 
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The actual density in the teeth can be found as follows: Assume the 
lines to pass through the air of the slots parallel to the sides of the teeth. 

Then total flux •• teeth flux + slot air flu.v. 


The apparent density in the teeth B/., = -j-_ 

I teeth cross'section per pole 

total flux _ __teeth flux 

teeth cross-section 


teeth cross-section 


slot ai r flux 
slot air cross-section 

I — VI r 


slot air cross-section 
teeth cross-section ’ 


or Wt. = B^-P 

^ vtr / 

where IM. = apparent density in the teeth, 0 

Utr — real density in the teeth, 

H, = density in the air corres[xinding to B r, 

V ^ ventilating factor = " length of ducts . 

core over all length ’ 

i — iron factor = 0.9 for cores, 

-1 - 1 -• tooth width Irds down tooth 

r = fundamental ratio = —.- .-. 

tooth pitch iirds down 

N 

The density in the core = 


Calculation of the No-load Saturation Curve.—U'e require to find 
a relation between the ampere turns rcipiired on the field to produce a 
(lux Na in the air-gap of the machine at no-load. This is a most useful 
relation, and it enables us to predict with considerable certainty the be¬ 
haviour of the machines under various conditions of load. The Jtl.M.F. 
between B and C in fig. 19 = ampere turns on each field coil. This must 
equal the sum of ampere turns for yoke, pole, gap, teeth, and core. 

N 

The flux in the yoke is and its length of path is known. The 

density is thus known for a given frame, and the ampere turns (jcr centi¬ 
metre of path is found from the curve for the material of which it is built. 
Similarly for the pole, the density is found taking the full-load leakage 
factor, and the amirere turns calculated, b'or the air-gap the ampere turns 

= 0.8 4, 

where = real density in the gap, 

4 = length of air-gap.’ 

• 

It is useful in plotting the curve to plot the ampere terns for the gap 
alone, and the teeth gap and core alone, and the total amix:re turns against 
the value of the flux. 

Leakage Factor.—Since there are no magndt'c insulators it follows 
that a flux must be established wherever a magnetic difference of potential 
exists. 
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■ Magnetic leakage takes place between: 

■ I. Inner faces of pole-shoes. 

2. The flanks of pole-shoes, 

3. Inner faces of the poles. 

4. Flanks of the poles. 

ft is difficult to estimate the mean areas and mean lengths of path of 
the leakage flux, but it can be estimated by making certain approximate 
assumptions. 

The most u.seful general formulre, evolved from the usual machine 
proportions, are given by Mr.- C. C. Hawkins as follows:— 

(a) For 4-pole machines total leakage flux per pole 

n = am[)ere turns per pole (7.35 nf -I- D -f 26); 

(i) 6-pole leakage flux per pole 

= ampere turns per pole (8.24(7 -F 7 D -(- 26); 

(f) 8-pole leakage flux per pole 

= ampere turns per pole ( 8 . 37(7 -f 5.3 D -(- 26). 

D = diameter of armature in inches, 

<7 ■= diameter of pole, or side of pole if square in inches. 

In general the leakage factor is approximately 1.25 for machines 
without interpoles, and a ratio of pole arc to pole pitch of 0.75, and 1.3 
for machines with interpoles. 

Estimation of Leakage Factor.— 

Leakage between sides of pole shoes. 

Let 7 , = length of shoe, 
and /ij = height of shoe. 

The M.M.F. acting across the tips 

= 2 (A, -f A, -h A,), 
where A, = ampere turns per pole 
A/ = ampere turns [jer pole 
A, = ampere turns per pole 

The permeance of the leakage path 

where 7 , = distance between the tips, 

.'. total leakage between sides of pole shoes 

2 X 0.4 ir X 2 (A, + A,) X 7 , X A, 

- = - -/ -- 

. M 

neglecting A, as negligibly small. 

Leakage between Flanks of Shoes.—Assume the flux to consist of 
straight lines and quadrflnts of circles with centres at the pole tips. 

Consider a small strip of flux of width ( 7 y, and whose circular part has 
'a radiusy. 


for gap, 
for teeth, 
for core. . 

h..l. 
= - 17 ' 
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m 


The permeance • r'^^y leakage flux across one path 

fUt 

= 04 ir X 2 (A, + A,) 1 ' 

J , <1 + ’TJ' 

total flnnk shoe leakage 


3.2A,(A, + A,) 


, . irie, 


Leakage between Inner Pole Faces.—l^t fl be the angle which the 
pole sides make with each utlier and assume 
the lines of flux to pass across in straiglit 
parallel lines. Then flux across strip tlx 


04 TT A 7 . ■ 


tdx 


W - 2a-tan! 

where A K = W, A = total ampci 
per pair of poles, and I - a.xial le 
ix>le. 

Total side leakage per [xile 

-,1c’' xdx 


o.S.A^I 


w 


, 0 
2.t tan - 



. j / , 2.3 W , W A , 

= 0,8 w A 7Iog,„ --- - 

\4 tan' - \V — 2 A tan - 2 tan / 


Similarly, total flank leakage per jiole 


- 1.6A,/,,log, (i +^^), 

re, <= width ol' shoe, = width of pole core, 

1= di-stance between poles at the bottom of pole shoe, 
i, = distance between poles at the yoke ring, 
if « height of core. 
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CHAPTER II 

FIELD COILS 


The maximum temperature limits the amount of current a field coil 
can take without injury. This maximum tem[jerature should not exceed 
90" C. The mean rise of temperature can be measured by the increase in 
resistance of the coil frbm the formula , 

R/ = R,(i + 0.004/), 


where R, is resistance at 0° C. and / is the temperature above o” C. 


maximum temperature 

The ratio - -^ - . 

mean temperature 


seldom exceeds 




and 


mean temperature 
surface temperature 


1.2 

varies from 1.4 to 3. 


The latter ratio depends entirely on the outside wrappings which produce 
local heating. The ratio 3 given above applies to the earlier machines, 



the field coils being 
covered with tape 
and rope, and of fair 
depth. When the 
coil is insulated by 
being impregnated 
with compound, 
and the external 
surface left bare, 
with a coil about 
2 inches thick, the 
latter ratio = 1.5 ap¬ 
proximately. The 
impregnating com¬ 
pound is a good 
heat conductor. 
Should the coil be 
wrapixid over with 
tape the ratio in¬ 
creases. The fan¬ 
ning action of the 


armature will also affect the ratio considerably. The heating constants are 
figured out in different ways, and the radiating surfaces are not all equally 
effective. . In practice it is usual to take the externaf cylindrical surface 
only in estimating the temperature rise. For impregnated coils without any 
insulating material on the interna! surface, the watts per square centimetre 
of external surface for 40° C. rise of temperature of external surface vary in 
the manner shown in fig. 24 with the peripheral velocity of the armature. 

The radiating surface of a coil is often increased by putting in ventilat¬ 
ing openings. The sides of the ventilating openings are not so effective as 
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either the Inner or outer surface. With colls i inch thick and spaced } inch’ 
apart the watts per square centimetre of external surface can be increased 
about so per cent above the values gi^n above in fig. 24. 

The Size of Wire for the Field Coils.— 

Let E, be the volts per coil. 

1, theturrent in amperes in coil. 

.S, the number of turns per coil.. 

/ = length of mean turn in metres. 

R, “ resistance of coil in ohms (hot)^ 

Then I. » 

R# / X S( X resistance per metre of the wire hot. 
Allowing 20 per cent increase in resistance due to heating, ^ 
then resistance per metre hot 

= 1.2 resistance per metre cold (15° C.). 

I, = ___ ^. _ _ 

/ X S, X resistance per metre at 15° C.”x 1.2’ 

.•. resistance per metre of the wire at 15" C. - 

A X / X 1.2 

.'. resistance per kilometre at 15‘ = 

A X / 


By consulting a wire table the necessary diameter of wire is found. In 
generators it is usual to allow 85 per cent of the terminal voltage of the 
machine across the coil in estimating the size of wire. 

The Radial Length of Field Coil.—The watts radiated from the 
coil = coil external surface iti .square millimetres x jjermissible watts 
per square millimetre. 

Let dj = depth of field coil in millimetres. 

1 / = radial length of field coil in millimetres. 
s/ = space factor of the wire. 

S, = turns jjer coil. 

The section of the wire in coil = a. A (say). 

Let R/ = resistance of coil hot 

_ 0. 000017 X / (mm.) X 1.2 X S, 
section in sq. mm. 

V= °0000204 X / (mm.)S, 
section in sq. mm. 

Watts lost per coil = ^ 

A 

■i X 0.0000204 ,< / (mm.) 

df y. 1/ y. Sf ■ 


▼OL L 


It 
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Watts lost per coil = wafts radiated, when the temperature is steady 
external periphery of coil y. 1/ x watts per square millimetre. 

. / r / • /X 0.0000204 ~ 

• • ' ' Vexternal periphery x watts per sq. mm. X <//X 

f we assume average values for above quantities 
• Sf = 0.6, 

(^ = 51 mm.; 
watts per sq. mm. = 0.0009, 
and external periphery = 1.2 x /, 

then(mm.) == 0.026 A. 

Weigh't and Depth of Coils.—The weight of field copper in coil in lbs. 
= 0.0197 X / in metres x S, x section in sq. mm. 

= 0.0197 X / (metres) x ^ - - X S,. 


A copper wire i metre long and i square millimetre in cross-section 
weighs 0.0197 ih. 

Substituting the value for ^ above, we have weight of field coil 
= k X s/d/, {k is a constant.) 

The larger df, the shorter I/, and the smaller the radiating surface, and 
also the permissible loss. The section of the wire is fixed, since it depends 
only on the volts per coil and the ampere turns, and a lower permissible 
loss can only be obtained by a smaller current and a larger number of 
turns, and therefore a more expensive coil. The thinner the field coil the 
cheaper therefore the machine, but 1/ increases, and also the cost of poles 
and yoke. An average value for i^ .is 2 inches, and this value does not 
alter greatly on machines of widely different outputs. 

In the design of the magnetic circuit the following are average values 
for the induction density in the various parts:— 


Pole (Wrought iron) 

’'““'UCast iron) 
Teeth (Sheet steel) 
Core (Sheet steel) 


Density. 


14700 lines per sljuare centimetre. 

11600 „ „ „ 

f'roo „ >. 

iuooo-20000 lines per square centimetre. 
12000-15000 „ „ „ 


In coils having series turns as well as shunt the current density used 
is about 2 amperes per square millimetre. In determining the requisite 
ampere' turns at full load we find the drops of voltage due to 


I. Armature resistance. 

'2. Brush contact resistance 

3. Series coils (if any). 

4. Interpole coils (if any). 
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These drops of volUgfe are added to the terminal P.D, to giv?! the interna! 
E.M.F. The flux per pole is then obtained from the equation . 

3000 X E.M.F. X circuits 
coils X turns per coil x revs, per mtn. x poi(»* 


Flux per pole in m^alines 



From the no-load saturation curve the ampere turns required to produce 
the flux in the gap are found, and 
to this must be added the compen¬ 
sating ampere turns for armature 
reaction. 

Armature Reaction. — When 
the machine is on load the arma¬ 
ture conductors are surrounded by 
a magnetic field. This armature 
field is shown in fig. 25. It will 
be seen that the armature is con¬ 
verted into a magnetic solenoid 
with S. and N. poles at the t<)|) 
and bottom resjjectively, with the 
direction of currents shown. It 
will also be seen that the general 
direction of the armature flux in the iron is at right angles to the main 
field, and hence it is called the “cross” flux. The magnitude of this flux 
will depend on the length of air-gap and on the degree of saturation of 
the teeth. It is also clear that the direction of the cross flux is the same 
as that of the main flux at 
the point a, i.e. the trailing 
tip, and in the opposite direc¬ 
tion at the point “a'”, the lead¬ 
ing tip. This is clearly seen 
from fig. 26, which shows the 
development of the flux dis¬ 
tribution. 

If the armature teeth are 
not saturated, as many lines 
are added at one tip as are 
subtracted at the other, but 
in practice the teeth are highly 
saturated, and any increase of 
magnetomotive force due to 
the armature produces very 
little increase in * magnetic 
flux. On the other hand, a 
decrease of M.M.F. produces 
a much larger reduction of flux, and hence the net result is that the 
total flux per pole is reduced. 

The cross magnetizing M..VI.F. between pole tips (fig. 25) 0= J X Z L, 
where Z = total number of conductors and L = current in each con- 
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* Dole Sire 

ductor and X ■ magnetizing effect at each pole tip 

* J X ^ I, for any number of poles, where p » pairs of poles. 

A method for estimating this reduction of flux due to the armature 
is given in Hawkins" and Wallis. It is rathe( long and tedious, and the 

following method is suffi¬ 
ciently accurate for practical 
purposes^ Let ab (fig. 27) be 
the no-load flux, then Oa is 
the ampere turns per pole for 
this flux. On load the am¬ 
pere turns at the trailing tip 
are O h, which equals O a -f 

i X ^ L. The flux density 

in the gap at the trailing tip 
is increased from cd to hi, 
and at the leading tip is de¬ 
creased in the rsXxoye to cd. 

The total flux per pole is 
reduced below its value at no 

load in the ratio 

efghe 

It will be seen that the action of the cross M.M.F. of the armature is to 
twist the flux around in the direction’of rotation, so that the brushes must 
be moved forward in order that the coil undergoing short-circuit shall be 
moving in a reversing field. On shifting the brushes forward, however, a 
state of things exists as shown in fig. 28. The magnetizing effect is now 
divisible into two distinct belts of conductors. The belt between A and D 

is obviously demagnetizing in its 

- effect and the belt between D and 

across magnetizing.. The demag¬ 
netizing ampere turns per pole 

Z , 2 a 

180 






I, X 


The angle "a” is called the "angle 
•* of lead ”. Its amount tvill vary 

« with the design of the machine, 

and is seldom more than 2 or 3 segments. With maghines having inter¬ 
poles, artd the brushes in the neutral position, it is generally found that 
about 35 per cent of the armature ampere turns per pole are needed to 
be added to the field ampere turns per pole to compensate for armature 
reaction effects. 

We have seen that the flux at the leading tip is reduced »n value, and 
in order to secure a sufficiently strong reversing field it is essential that 
the ampere turns of the main field per pole for the gap#i teeth, and core 
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should be greater than the cross ampere turns of the armature per pole. 
The greater the ratio the better the commutation. This ratio is seldom 
less than 1.2. To reduce the cross flu.\ the tips of the jwles and the teeth 
are highly saturated, and in many designs an air-gap is interposed in the 
path of the cross flux in the pole itself. 


CHAPTER Ill 

COMMUTATION 

• 

The subject of commutation is exceedingly difficult, and no attempt 
will be made to deal with its analysis. The subject is excelle»tly treated 
by Messrs. Hawkins and Wallis, and its di.scussion will he found in .several 
recent coi)ies of the Electrician. It will suffice here to touch the salient 
points, and to show what precautions are taken 
to en.sure the sparkless operation of machines. 

We have seen that when a ccril passes under a 
brush its current is reversed from a value -f 1, 
to a value — 1, in a very short interval of time, 
depending on the width of the brush and on 
the peripheral velocity of the commutator. This 
reversal may be efi'ected by the action of the 
contact resistance of the brush, or by the com¬ 
bined action of brush contact resistance and the « 

presence of a reversing field. Fig. 29 represents 

a coil undergoing short-circuit. Let the direction of the current in the 
coil Iwfore entrance under the brush be considered positive. 

Let R = resistance of total brush contact in ohms, 

T = time of commutation, 

L = coefficient of self-induction of the coil in henrys, 

M = coefficient of mutual induction of the coil and other 
adjacent coils, short-circuited at adjacent brushes. 

Then, if the coil is cutting no external field, we have by KerchofTs 
second law j,- 

(L + »>i - (E - + (L -t- m: = 0, 

where r, = contact resistance of the part of the brush in contact with 
the leading segment, * 

and rj = contact resistance of that part of brush in contact jvith the 
trailing segment, and let the brush cover one segment 

Let the time be reckoned from the commencement of the short circuit, 

T 

then r, = R ( 

RT 



and r. 
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andV. (I. + ,) ^ 41 - + (L + M)g - (l, - t)R(l) 
dt / R T X / 4 + * !<• — i 


\di 


0, 


and 


dt 


— ( 


L + m)(t 
RT 


> 


By giving various^ values to the value of the current in the 

coil (i.e. ;') can be plotted in relation to the time of commutation. With 

R1' * 

a value of equal to infinity, we get straight-line commutation, and 

the current density under the brush remains uniform. This is the ideal 
state, and is always aimed at. As this ratio gets smaller and smaller, 
the short-circuit curve of current in relation to time becomes bowed, and 
the brush-tip density becomes very high, and may be infinite. 

must always e.xceed i, 

L -f M 

■'T' ’ 


and R > 


and 


'll l‘ -V 

^ ^ X 2 


This is the average reactance volts on the assumption that the short- 
circuit current follows a linear law. Tlie average reactance volts must 

therefore be less than the 



volts drop across one 
brash contact when the 
coil is not moving in an 
externalfield. The brush i 
contact resistance is not 
uniform, but varies with 
current density, brush 
pressure, peripheral ve¬ 
locity, arid temperature 
of contact, vibration, &c. 
The contact resistance 
decreases witli current 
density, add, at values 
of about 54 amperes 
per square centimetre, 
almost inversely as the 
current density, the 
curve becoming almost 
. . hyperbolic. This varia* 

tion IS in the wrong direction, for, when the current density increases , 
abnormally, it is then that the corrective action of the brush is needed 
most This variation is shown in fig. 30. , 

The machine is ^ supposed to be running long ^oug|i for the tem¬ 
perature corresponding to^ach current density to be*reached, and fte 
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values are the averages of the positive and negative contact resistanccf. 
At normal densities of 40 to 45 amperes per square inch ‘the specific 
contact resistance for hard carbon brushes is about 0.021, and the volts 
drop across one contact is 0.94 volt The decrease of contact resistance 
with increasing current density is closely associated with the fact that 
carbon has a negative temperature coefiicient, and also with the fact that 
a blackening of the commutator results, due to particles of carbon which 
are worn off the brushes, especially with a high* current density. The 
temperature of the contact is a great determining factor. After a tem¬ 
perature of 35° C. is reached the fall of contact resistance is more or less 
rapid, which is more pronounced where the current flows from carbon to 
metal, that is, at the negative brush. This briqgs out the importance of 
good ventilation of the commutator in suppressing sparking. It is a well- 
known fact that sparking troubles occur most when the macMne gets hot 
after a long run. At low temiieratures the contact resistance of the nega¬ 
tive brushes is higher than that at the positive, and vice versa with high 
temperatures. Thus a machine usually sparks first at the negative brushes 
when it gets hot. An increase of brush pressure decrca.scs the contact resist¬ 
ance. As the speed increases, the contact resistance increa.ses in the ca.se of 
a commutator, due to vibration, which is set up by the mica ridges. With a 
smooth slip-ring the contact resistance is almost independent of the speed. 

As the load on a machine increases, the reactance voltage increa.ses, 
and we have seen that, for sparkle.ss commutation, there is a limit to its 
value, depending on the contact resistance of the brush, when the coil 
is not cutting any external reversing field. The value of the reactance 
voltage may be increased, however, by causing the short-circuiterl coil to 
move in a reversing field whose value increases as the current increases., 
This reversing field may be obtained by moving the brushes forward in 
the direction of rotation, or by providing a separate reversing field which 
is independent of the main field. Motlern machines are expected to wotk 
sparklessly with fixed brush position at all loads between no load and 
25 per cent overload. 

In machines without special commutating poles this is cflected by 
moving the brushes forward until the machine is about to spark at no load. 
There is then no reactance voltage, and the generated voltage is a little 
less than the sparking voltage. When the machine is carrying the required 
overload, the reactance voltage will be greater than the generated voltage 
from the reversing field by a little le.ss than the sparking voltage. Half¬ 
way between no load and the overload, the reactance voltage will be equal 
and opposite to the generated voltage, and commutjttion will be perfect. In 
shunt machines, the external reversing field decreases with increase of load, 
due to the cross-magnetizing effect of the armature, and hence "it is very 
necessary that the field ampere turns per pole for the gap and teeth and. 
core should be greater than 1.2 times the armature .ampere turns per pole, 
plus the demagnetizing ampere turns per pole. The over-compounded 
machine is greatly superior as far as commutation is concerned. 

Slots per Pole. —In order to ensure that the coils in a slot shall-be 
moving in a correct reversing field, it is essential that the pitch of the slots 



i$4 CONTINUOUS-CURRENT GENERATORS 

shall not be too great In general it may be said that there should not 
be less than 3.5 slots in the interpolar spacf, or not less than 12 slots per 
pole, and for large machines the number is seldom less than 14. This 
obviously reduces the distance through which a slot moves while the 
conductors it carries are commutating. 

Brush Width.—The brush width affects the reactance volts very little, 
for, although the number of coils which are simultaneously undergoing 
commutation is increi.sed, the time of commutation is proportionately 
increased. It is nece-ssary, nevertheless, to limit the width of the brush, 
for, if it be too .wide at the commencement of commutation, commutation 
wilJJje retarded, and at the end there will be overcommutation. To limit 
this the brush should not pover more than 28 per edit of the space between 
the (xjles, or one-twelfth of the pole pitch. Measured on the commutator 
circumference the'brush arc 

_ pole pitch diameter of comjnutator 
~ 12 diameter of armature 

Again, it is necessary to limit the brush width, in order to limit the 
current'circulating through the brush, since with a wide brush the E.M.F. 

of several coils acts on a low resist¬ 
ance path through the coil and two 
brush contacts. In general, the brush 
should not cover more than three 
segments. 

Interpoles.—With the introduc¬ 
tion of interpoles, machines which for¬ 
merly were limited in output, due to 
sparking, can have their output con¬ 
siderably increased. Radical changes 
in design are rendered necessary, but 
these changes are such as to justify 
the use of interpoles. We have seen 
that for perfect commutation a re¬ 
versing field must be present of such 
magnitude that the reactance voltage 
is neutralized. This reversing field is obtained by placing polar projections 
between the main poles, which are surrounded by coils carrying the arma¬ 
ture current. The reactance voltage increasing directly with the armature 
current, it follow’s that, if the reversing E.M.F. is to be equal to it, the 
interpole field must increase proportionately with the armafttre current. 
This is accomplished by working the interpole on the straight part of the 
magnetization curve. The air-gap density in the inlerpole should not 
exceed 7000 lines per square centimetre at full load, and the density at 
the root of the interpole should not exceed 10,000 lines per square centi¬ 
metre. Fig. 31 shows the distribution of flux in an interpole machine. 
Fig. 32 shows the development of the field distribution. 

The interpole must have a number of ampere turns equal to the sum 
of the cross ampere turns of the armature, and the ampere turns required to 
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produce a flux in the interpole air-gap large enough to genmte a voltage 
equal and opposite to the K.M.F. of self and mutual induction,.and to that 
generated due to the cutting of the magnetic held by the end connections. 
The reversing field required by the interpole can be found as follows:— 

Let L,^ = interpole length in centimetres, 

B,- = average iaterpole gap density in lines ()er square centimetre, 
S, = turns per coil, 

V = peripheral velocity of armature in centimetres per second. 
Then the E.M.F. due to the interpole 
= 2S, B/Li/t) X 10'*, 
and this must equal (L -f , 

from this B,- can be determined. • 

The length of the interpole is sometimes made the same as the length 
of main pole, but in some cases is . . , 


made considerably shorter. I n the | | j 

interpole machines of the I’hmnix n S ^ _ 

Dynamo Company the length is —I— U —|— 

considerably shorter, and a circular f i I ; 

core with a trapezoidal shoe is used. / \ ^ 

The width of the interpole should-jH--i—— I -- 

be such that the slot in which a / I j\ j I 

conductor lies is under the interpole_ j I | y | j 

during the whole period of commu- ' " I I ' ' | ' 

tation. The distance through which j, 

a slot moves from the instant the a 

first coil in a slot terminates its short-circuit to the instant the last coil in 
the slot terminates its short-circuit is equal to the slot pitch minus the width 
of a commutator segment referred to the armature circumference. The 
flux fringes out on either side of the interpole by a distance approxim.ttely 
equal to the air-gap clearance, so that the effective interpole arc = actual 
arc -f 2(5,, where 5 , = interpole air-gap length. The elTective interpole 
arc must therefore be equal to the slot pitch + (brush arc — width 

diameter of armature i u _ 

of setrmenD x , —• The arc must also be a multiple 

oi segment; a commutator ^ 

of the slot pitch in order to keep the interpole flux from pulsating in value, 

and to preserve a constant reluctance under the interfile. 

The interpole excitation is generally fixed empirically in practice, and the 

, , , . /interpole ampere turns per ixilet 

followinor value for the reversing ratio I-^--:--—' ) 

lunuwiiig vaiuv 1 ^ b Varmature ampere turns (xir polc/ 

namely, i -I--g-is used, . 

where k •» 3.5, a constant. 

Si «» length of interpole gap in millimetres, 

2/ = number of poles, 

D = diameter of armature in millimetres. 
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The exact adjustment is made on test by separately exciting the interpoles 
and adjustiag their current by a diverter till jparking disappears. 

Compensating Windings.—A serious trouble on machines having 
sudden variations of load, such as traction generators, rolling-mill motors, 
and winding motors, is often caused by flashing over at the commutator. 
This occurs when th'e maximum volts between adjacent commutator 
segments exceeds certain limits. We have seen that the effect of armature 
reaction is to cause a piling up of the flux at the trailing tip in generators, 
and it is clear that the coils moving in that part of the field will have much 
larger E.M.F.s than the average generated in them. The usual limit is 
40 volts per segment at 50 per cent overload. Sudden changes of armature 
current al.so tend to increase the volts per segment and to produce flashing 
over. In rolling-mill motors the current changes from less than full-load 
current to ctbout 'three times full load at the instant of reversing the 
rolls. Hence the average volts per segment should not exceed 15 without 
special commutating windings. 

The maximum volts per segment 


E.M.F. I N maximum , voltage drop , 

___ V y • y -+ ..°-s. y nole^ 

segments \ N minimum segments " 


« N maximum = maximum flux = flux corresponding to sum of field 
ampere turns per pole effective for teeth, gap, and core, and the effective 
cross ampere turns of the armature. The flux must be read off the curve 
for teeth, gap, and core only. Compen.sating windings consist of windings 
which are connected ifl series with the armature, and which are embedded 
in slots in the laminated poles. These windings carry currents in opposite 

• direction to the armature currents under the pole, and the number of 
ampere turns per pole in the compensating windings is made equal to the 
cross ampere turns per pole of the armature. This being so it is only 

* necessary to put on the interpole a number of ampere turns sufficient to 
produce the reversing field. 

The compensating winding completely neutralizes the armature cross 
field, keeps down the maximum volts per segment, and so prevents flashing 
over. The use of such windings makes the machine rather expensive, 
and in most cases the weight of copper in them is about 50 per cent 
greater than the weight of armature copper. The tooth density is usually 
about 16,500 lines per square centimetre at a point one-third the depth of 
the teeth from the pole face. The current density in the compensating 
windings is generally not greater than 230 amperes per square centimetre 
in the slots and 260 amperes per square centimetre on the hang out. 

Reactance Volts for Full and Short-pitch Windings.—Consider 
first a futt-pitch lap winding. 

Let L, = length of iron core, 

L, = length of one end connection, 

N, = the flux that links i cm. length of the slot part of 
the coil for each ampere conductor in the group 
of conductors simultaneously commutated, 




COMMUTATION 


•87 

N, => the flux that links i cm. length of the end connections 
for each ampere conductor in the group of end 
connections simultaneously short-circuited. 

= turns per coil, 

and let the brush cover jane segment only. Since the brush covers one 
segment only there will be 2 conductors short-circuited simultaneously 
in the slots. The flux due to these ampere conductors for one slot 

= N, X Lr X 2S, X 1 lines. 

In the group of end connections there are S,. conductors, each carrying a 
current I. The flux due to these = N, x L. x S, x 1 . I he total flux 
encircling the short-circuited coil 

= 2S, X 1 (2N,L,-f N,L), • 
and (L -)- M) = 2 S/ x (.2 N.U -f- N,L,). 

The time of commutation in seconds 

_ segments covered by the brush . 
total segments x revs, per sec.' 

the average reactance volts (R.V.) = (L -f M) '.j!' ^ 

_ 2 I, X 2 S/ (2 N, Lf -t- N, L,) X revs, per .sec. x total segments x 10"' 
segments covered by the brush 

It can be shown that an increase in the brush width has no effect on 
the reactance voltage so long as the group of conductors simultaneously 
commutated is not greater than the number of conductors per slot. If tho 
group of conductors short-circuited at one time is greater than the con¬ 
ductors per slot, the reactance volts is decreased. Mr. C. C. Hawkins has 
investigated the subject of inductance of armature coils at some length, 
and the reader is referred to his book on The Dynamo for this. A Simple 
and generally used system is to use 4 lines per ampere conductor per 
centimetre in the slots and 0.8 line per ampere conductor per centimetre 
on the end connections. This latter method is due to Mr. Hobart. Sub¬ 
stituting the.se values for N, and N, in the above formula, and remembering 
the above statement about the width of the brush, we have for a full-pitch 
lap winding in two layers:— 

(R.V.) = 4 bS,® (8 L, -f-0.8 L,) X U.l'.S. X segments x iO'® volts 
= 32 IfSf® (Lc -f 0.1 L,) X K.F.S. X segments x lO"* volts. 
R.P.S. = revolutions per second. 

» 

Short-pitch Lap Winding. — Here the coils simultaneously short- 
circuited are not in the same slot. The end-connsetion flux is the same, 
while the slot flux is reduced to one-half its value if the conductors are in 
adjacent slots. 

the (R.V.) = 32 LS,® -t- 0.1 L,) X R.P.S. x segments x lO'* volts. 
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• Reactance Volts for Wave Windings (Simplex).—When one set 
only of brushes are used it is quite clear from the discussion on two- 
circuit windings that each brush short-circuits “/’’coils in series. In this 
case the (R.V.) 

»i 32 + 0.1 L,) X segments x R.P.S. x/ x lO'* volts. 

If as many sets of brushes be used as there are poles, then there is a short- 
circuit path around one coil short-circuited by two ^sitive brushes or two 
negative brushes, in addition to the long path already mentioned. The 
reactance voltage generally used is that corresponding to the longer path, 
since selective commutation has to be taken into account. This value is 
pessimistic. It is usually taken, however, that the''(R.V.) is 20 per cent 
lower than that obtained ‘for the longer path. 

Heating; and 'Rating of Generators.—Stefan’s law states that the 
rate of losing heat varies as the fourth power of the difference of absolute 
temperatures of the hot body and surrounding air. Newton's law is taken 
to hold, however, for small ranges of temperature, such as are met with in 
dynamo practice. In the dynamo, losses of energy take place, due to 
armature resistance, field resistance, hysteresis, and eddy currents. These 
los.ses are converted into heat. The temperature rises till the rate of 
generation of heat equals the rate of dissipation, and then the tem[>erature 
is steady. There are thus two periods during heating: (1) the heating-up 
period and (2) the stable condition. 

Let 6 = rise of temperature in time / seconds and 
d„ = final temperature rise. 

Then 0 = 0 o(i — r**'). 

• 60 is dependent on the loss of energy, a is independent of the loss 

of energy, and depends on the specific heat and efficiency of the cooling 
surfaces. 

f 

• When f = “1 ^ = 0.632 0 a. 

This time depends on “a", and is constant for a given body and 
method of cooling, and is known as the “ heating - time constant ’’. The 
heating-time constant is the time it would take the body to reach its final 
temperature if the heating continued at the initial rate and if the body lost 
no heat during the process. That this is so can be seen by differentiating 
the above equation; for we have 

« 

when t •«! -o, at the commencement of the heating period 
d0 . 

Tt “ 

a ^ 

/// 
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The time constants for field and armature can be calculated as 
follows;— 

For armatures it is in minutes 


230 X (wei g ht of copper weig ht of ir on in the teeth and core) lbs. 
permissible watts on corg surface for 40° C. rise afgiven peripheral spe^‘ 


For field coils it equals 


_23 0 X copper weight in lbs. _ 

permissible watts on coil surface for 40* C!. rise 


minutes. 


From these equations the rise of temperature at any time of the run 
can be found approximately, and the overload the machine will take 
without exceeding a given temperature rise. The highest ^temperature 
at which a machine can be operated, with the usual insulating materials, 
presspahn, paper, tape, &c., is 85° C. These materials become brittle if 
heated for any length of time at this temperature, and pulverize, due to 
vibration. For continuous rating it is generally specified that the tem¬ 
perature rise shall not exceed 40* C. on the surface with an initial air 
temperature of 25° C. The usual time taken by large machines to reach 
this temperature rise is six hours, and machines are exjiected to give their 
full output at the specified speed and voltage for six hours without 
exceeding this temperature rise. Smaller machines reach their steady 
temperature state in less than six hours. 


CHAPTER IV 

DE.SIGN 


The principal dimensions of the machine are determined from the 
output equation in the following manner:— 


The E.M.F. generated 

where .N 
Z 
n 

P 

a 

Let B, 
• L, 

X 


I. 


NZ»- X 10'* volts, 
a 

flux per pole in the air-gap, 
total number of surface conductors, 
revolution per second, 
pairs of ixiles, 
pairs of circuits, 
density in air-gap, 
length of core, 
pole arc 
pole pitch’ 
pole pitch, 

amjiere conductors per centimetre of arma¬ 
ture periphery, 
total armature current; 
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ThcnE.M.F. = Z(B,XtU)«^ x lo-*, 

Z I 

and q =«-tr. (D, = diameter of armature\ 

^ 2 a TT U« 

E-i„ = Z(B,XtL^)« X X lO'* X 2 

. p aairDa 

. . = Z B,X U X « X V X 2—=— - X 2 
‘ a Z 

= B^ Lj« X X® D^® X q X 10 ■ ®. 

Now, if V = terminal volts, 

E = I.OS V on an average, 

and if I «= external current, 

then I„ = t.03 I on an average, 

. T^^T _ watts output X 1.08 X 10® 

•• " " ■■ B^x n X X X X® X q ' 

From the above equation we can find the value of D,.* L„ provided we 
know tl^e values of B^ and q. The value of B^ the apparent gap density 
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is limited by the maximum tooth density. The latter'should not exceed 
21,000 lines per square centimetre for frequencies up to 30 cycles. It will 
be seen that the smaller the machine the greater the tooth taper, and 
therefore the lower the gap density for a given maximum tooth density. 
Fig. 33 shows the relation between B^ and D« for average machines for 
frequencies up to 30 cycles per second. The value of q is limited by ccHt 
siderations of heating and sparking. It increases in large machines, for 
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with latter diameters it becomes possible to increase the depth of the 
slot without increasing the density at the roots of the teeth* too much. 
It thus becomes possible to increase the volume of copper more than in 
proportion to the increase in armature diameter. Again, it is necessary 
to limit the value of q from considerations of sparking, for q can be 
iiicreased by increasing the number of conductors or by decreasing the 
diameter of armature for a given rating. The reactance voltage is in¬ 
creased in either case, as is evident from an inspection of the formula for 
it Thus q depends largely on the diameter of the machine, and hence 
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on the kilowatt output. The relation for q and kilowatt output is shown in 
fig. 34. For interpole machines increase these values by about 20 per cent. 

The separation of D„® L, into its compf>nent factors is a matter of .some 
difficulty, and is frequently settled by the relation between the electric and 

KW 

magnetic loading. For every value of p there is a value of electric 

loading which gives the most economical machine. Fig. 35 shows the 

value of electric leading, or total ampere conductors and ~~ Pro- 

R.r.M. 

portions are generally used in which the pole face is approximately square. 

In this case wc have X = L^, and from this D, and L, can be deduced 

from the original equation for D„^Lc. The maximum armature reaction 
per pole permissible affects the number of poles, and, speaking generally, 
the armature ampere turns per pole should not greatly exceed 7500, Good 
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results are obtained if machines are built with the number of poles in the 
table given below:— 


No. of Poles. 

Kilowatt Outputs. 

220 to 250 volts. 

500 to 550 volts. 

2 

10 

TO 

4 

80 

80 

6 

200 

250 

8 

300 

400 

lO 

35 ° 

500 

12 

400 

600 

14 

500 

700 

i6 

55 ° 

800 

i8 

700 

900 

20 

750 

1000 

22 

800 

1100 

*4 

900 

1200 


Having obtained the diameter and length of armature, the number of 

• oolc src 

poles, and assuming an average value for proportions of the 

magnetic circuit are settled as already pointed out in earlier sections. 

The flux per pole can then be settled, and the number of conductors. 
The type of winding will be settled by the total armature current as 
already mentioned, and tire number of slots must be chosen to suit the 
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winding. The depth of slot will vary with the diameter of armature, and 
this relationship is shown in fig. 36. The width of the slot wiM be settled 
from the permissible mag¬ 
netic density in the teeth —— 

at full load. The length of j_:_ 

air-gap should be sufficient 

to ensure good mechanical ^ . 

clearance, and is also settled j g__1___ 

largely in non - interpole * / 

machines by the fact that Z ' ~ . 

the field ampere turns [jer § g__ 

pole for teeth and gap must IS 

be at least equal to 1.2 J . . 

times the armature ampere S 0---•— — — 

turns per pole. The v<alues 

given in fig. 37 are those . 

taken from practice, and ol-L—....—1 . — — 

, . .* >OZ0304050*07D«0»OIOO 

they snow in ^ most rc- oiAMeTtRorARMATuiteiNCMs 

markable manner how the Kig, ^ 

gap can l)e reduced in in¬ 
terpole machines, and a great saving in copper effected. The rea.son for this 
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reduction is that it is no longer necessary to provide a long air-gap with 
interpoles, since the cross-magnetizing effect is wiped out by the interpole. 

VOL l 13 
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Losses in D.C. Machines.-The losses in the armature are those due 
to hysteresis, eddy currents, and the copper loss. 

The hysteresis loss is = K, B' ‘/V watts, 

where K, •= the hysteresis constant, which vanes with 

• the grade of iron, 

B maximum induction density in lines per 

• • square centimetre, 

/ == frequency, 

V = volume of the iron in cubic centimetres. 

The eddy current loss = K, B*/*/* V watt?, 

where Kf = constant which is inversely proportional to 
the electrical resistance of the iron, 
t = thickness of the core plates in centimetres. 


To reduce the eddy-current losses, high-resistance iron can be 
employed. The alloys possessing this property, however, have a lower 

permeability than 



lower - resistance 
iron, and are much 
more costly and 
more brittle. The 
core is built up of 
thin plates, which 
are insulated from 
each other by 
layers of varnish 
or paper, and as¬ 
sembled directly 
on the shaft or on 
a cast-iron spider. 
The thickness of 
the laminations is 
usually about 
0.035 centimetre. 
Besides the ordin¬ 
ary hysteresis and 
eddy-current losses 
|here are addi- 


t 3 « 


tional losses due to 
filing of the slots. 


to leakage flux in the spider and end heads, and to non-uniform distri- 
bution*of flux in the core. When the machine is on load, also, there is 
increased iron loss due to the piling up of the flux in the teeth under 


the trailing tip of the pole. 

The estimation of the iron losses is a difficult matter, and is usually 
performed with the help of results obtained from tests on similar designs. 
The curves in fig. 38, taken from Gray’s Electrical Machine Design, 
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give test results for machines built with ordinary iron having • thickness 
of 0.035 centimetre. It is necessary of course to calculate the los.ses for 
the teeth and core separately. The armature copj^er loss is easily estimated 
from the resistance of the armature and the known armature current. The 
resistance of the armature at 15° C. 

0.017 X total length of the wire in the armature in metres 
(circuits)* x section of conductor in .square millimetres 

For 40“ C. surface rise an increase of resistance of 15 per cent gives the 
resistance hot. In estimating the temixiralure rise it is usual to calculate 
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the copper loss in the .slots only and add this loss to the iron losses. 
The cooling surface is then taken as the external core surface only. The 
permissible watts per .square centimetre of core surface varies with peri¬ 
pheral speed in the following manner, as shown by fig. 39. The losses in 
the field-coils are easily calculated from the resistances and currents. 

The bearing loss = 0.19 x Dy x Ij x (peripheral speed of journal in 
metres (rer second)' ’ watts, • 

where Dy — diameter of journal in centimetres, 

Ij = length of bearing in centimetres. 

The windage loss = 0.17 x lO"’ x armature cylindrical surface in 
square centimetres x (peripheral speed of 
the armature in metres per second)* watts. 

All the data for design have been given, and we will now proceed to 
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design a variable-voltage generator for the Ward Leonard equipment which 
has to work to the output diagram in Fig. 40. The root mean square 
current is calculated in the section on the motor, and it is there found that 
the kilowatts output of the generator is 65. The output of the generator 
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is therefore 65 kilowatts, 220 volts, 1175 R.l’.M. We will proceed to find 
the dimensions of the machine. 


Ua" L, in cubic centimetres 


watts output X 1.08 X 10® 
\ X n X tt X f X \ 


Assuming a value for 11 ^ = 8000 and t/ = 300 for interpoles (from curve), 


then U/Lf 


65000 X 1.08 X 10® X 60 
8000 X 1175 X IT® X 300 X 0.7 
21600 cubic centimetre.s. 


Four poles will be most suitable for this output, and, using square pole- 
shoes, we have 


r D„X 
2 /> 


= L, 


2 /> 


= 21600. 


. 4 X 21600 

.. U„'‘ = -— - = 39300. , 

TT X 0.7 

.'. Da = 34 centimetres and = 19 centimetres. 
We will take 34 centimetres and 20 centimetres. 

The area of the pole face = — X 0.7 x 20 square centimetres 

= 376 square centimetres, 
flux per pole =» 376 x 8000 = 3 megalines. 
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The leakage factor for the poles we will assume as 1.3. 
flux in the |X)les = 3.0 x lo'"' x 1.3 
-- 3.9 X 10® lines. 

Assuming a density in the pole at full load of 15300 lines per square 
centimetre, the area of the»pole = 255 square centimetres. 

Q X I. • 

■ The area of yoke = , -- 303 square centinietre.s. 

•' 2 X 6350 ■’ ' ‘ 

•2 Q X I 

The area of core = -- ■ yq square centimetres. 

2 X 15200 ^ 

^ , 1 3 0 X 10“ ,, • 

1 he area of teeth per pole ■'. — 148,5 square centimetres. 

' 20200 

• 

It will be nece.s.sary to place a ventilating duct about every ^ centimetres, 
therefore there will be three ventilating ducts 1 centimetre wide. I’hc net 
length of core iron will be therefore (20 — 3) x o.qi = 15.5 centimetres. 
The radial length of coil is 14.5 centimetres and the internal diameter of 
the yoke 69.3 centimetres. The width of pole 13 centimetres and the 
diameter of poles = 34.6 centinietre.s. The internal diameter of core is 
15.2 centimetres and the overhang of the armature coil at each end 13.0 
centimetres. The length of air g.q) for the main poles is 3.0 millimetres. 
The R.M.S. current is 294 .ami«;res, therefore a two-circuit winding will 
be used. 

■1 3000 X 230 X 2 „ 

I he coils X turns per cod ^ ^ ^ 98. 

VVe will use 99 coils, each having a single turn in 33 slots connected wave. 
, The commutator diameter is 28 centimetres and the pitch of .segments 

~ T-? centimetres . 0.89 centimetre. 

99 

The slot depth is 30 millimetres and width 12.3 millimetres. The depth 
of slot insulation + slack is 4.2 millimetres, the width is 1.8 millimetres, 
therefore space available for copper and tape in the depth =“ 25.8 milli¬ 
metres and width 10.5 millimetre.s. 

Net copper spare ilepth - 25 millimetres, 

„ w idth -- 9.3 „ 


(i.e. allowing tape one-eighth lap on conductors;, therefore strip is 12.5 deep 
by 3 millimetres wide. The actual strip used was 12.4 millimetre.s x 2.36 
millimetres, allowing extra slack in the slot. , 


The resistance of the armature at 15’ C. 


0.017 X <y9 X 1.13 
4 X 12.4 X 2.36’ 
0.01625 ohm. 


1.13 metres = length of mean turn on armature. The iron losses at the 
given flux = 2065 watts and the P R loss in slots = 630 watts, therefore 
the total loss = 2695 watts, and the (lernn'.ssible loss at 20.9 metres per 
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second peripheral speed is 1.4 x 2140 » 3000 watts, so that the heating 
is all right. We require to determine the interpole dimensions and wind¬ 
ing. The width of the interpole = 2.5 centimetres, i.e. twice the slot pitch, 
and its length = 20 centimetres. The reversal ratio is taken as 1.2. 

ampere turns per intcrpole i»2 x - x -■ 

4 2 

and the turns per pole = 1.2 x ^ 

O 

= IS- 


The section of conductor used is 17 milliinetres„x I.O millimetre, 9 strips 
in parallel, taped half lap.' The axial length of interpole between bobbin 
cheeks is 127 millimetres and the depth of coil 26 millimetres. The length 
of copptcr per coil is 8.9 metres and the resistance cold is 0.00099. The 
resistance at 40° C. is 0.001188 and watts lost per coil =112. The per¬ 
missible loss = 128 for 40” C. 

To determine the field winding the drop in the armature is S-8 volts, 
the brush contact drop is 1.5 volts, and the interpole drop is 1.48 volts, 
therefore the total drop at full load is 8.78 volts and the full-load flux is 
2.94s megalines. The ampere turns required to drive this flux through 
the magnetic circuit = 3800 -I- 25 per cent of the armature ampere turns 
per pole = 4755 total. At the peak load the current is 515 amperes and 
the total voltage drop is 13.59 volts. The corresponding flux is 3.01 mega¬ 
lines and the ampere turns per pole required = 5645. The axial length 
of the coil is 145 millimetres and the depth 27 millimetres. The length 
of mean turn is 0.805 metre. 

Resistance of shunt wire per kilometre at 15“ C. = —. 

^ ^ 0.805 X 564s 

= 8.6 ohms 

The nearest .shunt wire is 1.6 millimetres diameter bare and double cotton 
covered to 1.9. The space factor is 0.98. 


.'. turns per coil = 

The length of copper in the coil = 
and resistance cold = 
resistance hot = 
shunt current at; norma! load = 
„ „ peak load = 

w.atts lost .it normal load = 
permissible watts loss = 


27 X 145 X 0.98 
1.9 X 1.9 
1062. 

856 metres 
7.25 ohms, 

8.7 „ 

4.48 amperes, 

5-3 

175. 

193 - 


The current fier brush arm. using as many sets of brushes as there are 
poles, at R.M.S. current is = 147 amperes. The current density 
at the peak load must not exceed 11.5 amperes per square centimetre, 
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and the current at the peak is 515 amperes, with the correspcnding current 
of 357 amperes per brush arm. 

”’s 7 

the area of brushes per arm = -j— square centimetres 
= 2;.3 square centimetres. 


We will use 1.8 centimetre.* x 1,5 centimetres soft carbon brushc.s. 


the number of brushes (ler arm required 


• • 

1.8 X I.s 


The bru.sh friction loss in watts 
= 9.81 X 17.2 X 32 X 1.8 X 1.5 X 0.25 X <;if3 - loqr) w.iits, 
brusli contact loss = 1.5 x 29.1 = 442 

tot.d commutator loss = 1532 „ 


permissible lo.ss on commutator at 17.2 metres per .serond = 0.94 watt 
per square centimetre. 

.'. length of commutator = -- 18.5 centimetrc.s. 

IT X 28 X 0.04 ^ 


Important Factors in Design.— 

The react.ince volt.ige = li m x R.I’.S. x 1 , x I,, x S’ x ^ X 
“ paths 

where >n = numlx-r of segments, 

1,. = current in armature conductors, 

1., = length of core in centimetres, 

T = pole pitch, 

■S = turns per coil, 

if — 38.4 fur scries and full-pitch lap windings 
= 22.4 for short-pitch lap windings. 

\ = pole arc pole pitch. 



verage volts per .segment 

= 2 .S w(B,.XtI..) X R.P..S X 

^ * ' paths 


poles 


average volts per segment 
■ ■ reactance volts 


X X IO-* 

paths m 


Iff X T X pdes 
If .SI/ 


U. \ 


This is a constant quantity, and for the same re '.ctance voltage in each 
case the average voltage per segment is a fixed quantity. Therefore the 
number of segments must increase in the same proirortirrn as the' voltage 
increases. A limit is soon set by the extra exjrcnse entailed, .111(1 the 
mechanical limit to the width for the maximum number of segments. 
Thus a definite limit is .set to the voltage for whi"h a machine can be 
wound with a given frame. There is also a decided limitation due to 
large currents, for the commutator must be greatly extended, and this 
demands special design. We will now proceed to show that there is a 
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maximum limit to the output as fixed by commutation for a machine of 
given diameter and running at a given maximum peripheral speed. For 
such a case we will use the best winding for commutation, viz. the single¬ 
turn short-pitch multiple winding. 

The reactance voltage for such a winding 

22 m X R.P.S. X hLc X i0'‘*(all dimensions in cms.). 

1 

' where 1. = total armature current, 
paths 

Reactance voltage x paths 
22 X m X R.P.S. X U X 10-®' 

Z N. R.P.S. X X I0-* 
paths 

zmB^XrL^ X R.P.S. x to-®, 

2 >«B^.XTLt X R.P.S. X 10"® 

R.V. X paths 

^ 22 X m X R.P.S. X l-c X 10 "® 

R.V. X X X X X ir 

I 

watts X 3.5 
R.V. X 15 ^ X X' 

For non-interpole machines, R.V. should not exceed 2 volts, 

. ,, watts X 1.75 watts X 2.5 

= -B, X X- = — h;-'- 

This gives the minimum diameter for the given output. From a curve¬ 
connecting diameter and B,, and assuming the maximum periplieral speed, 
it is possible to plot a curve showing the maximum output obtainable with 
a g[ven diameter. The [)erii)hcral \elocity of direct-current armatures is 
seldom greater than 30 metres per .second, since the cost for special design 
increases rapidly above this speed. Again, it may be shown that, with 
interpole machines, the reactance voltage should not exceed 15, and there 
is also a definite maximum output for each diameter as far as commutation 
is concerned. 


Now I, 
.'. 1 , 

K.M.F. 

• 

K U 

.-. D, 


CHAPTER V 

CHARACTERISTIC CURVES 

The‘no-load saturation curve is obtained experimentally by running 
the macliinc on open circuit at normal speed and separately exciting the 
field coils. It is necessary to connect a rheostat in the field of the machine 
to vary the exciting current. Corresponding values of field current and 
terminal voltage are read simultaneously, and the curve connecting flux 
per pole, and ampere turns per pole on the field coil plotted. It is essential 
to work well over the knee of the magnetization curve in order to secure 
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Stability. Any increase in speed of a shunt dynamo increases its terminal 
P.D. and also the shunt current. .Xbove the knee of the curve the flux 
is increased very little, and so tends to better rejiulation. Further, the 
difference in ampere turns when hot and cold produces relatively small 
changes in the flux. If the open-circuit curve be plotted for a .shunt 
dynamo, with E.M.F.s as prdinates and exciting currents as absciss.e, and 
any point be taken upon the curve and joined to the origin, then the 
resistance of the shunt circuit is given by the tangt?nt of the angle this line 
makes with the abscissa axis. When this line coincides with the straight 
part of the curve the value of the tangent of the angle repre.seiits the 
maximum resistance which the shunt circuit can have to magneti/e the 
field-magnets. This value of the resistance 4 known as the “critical" 
resistance. 

External Characteristics.—An “external” characteristic»i.s the curve 
connecting terminal P.D. and load current, the values of IM). being plotted 
as ordinates and currents as abscissie. , 

The curve is obtained experimentally by ,i J j 

running the machine at constant s|x;ed 
and varying the external resistance, and 
observing corrcs|)onding values of cur¬ 
rent and terminal volts. 

In the case of a series dvnamo, since 
the load current is also the exciting cur¬ 
rent, the terminal volts increase rapidly 
at first, reach a maximum, and then fall 
gradually. This fall of P.I.). is due to 
the volt.ige drop in the armature and o,; ,, ^ 

series coils, and to the demagnetizing 

effect of the armatup'. When the i.iagncts are approaching saturation, 
any increase in external current is not (olhnved by a corresponding increase 
in flux, and, further, the demagnetizing effect of the armature is pDjKjr- 
tional to the current, so that a fall of terminal IM). results. Increase in 
the leakage coefficient with increasing current also contributes its share 
to the drop of voltage. 

External Characteristic of Shunt Dynamo.—In a shunt dynamo 
the field coils are connected across the armature terminals, and hence the 
exciting current varies with the P.D. across the terminals. The external 
characteristic has the form .shown in fig. 41. The fall of P.D. is due to the 


drop of pressure in the armature and brush contacts, to the demagnetizing 
effect of the armature. The decrease of P.D. dup to these causes lowers 
the exciting current with a corresponding fall of P.D. This fall of P.D. 
goes on till the iJend of the curve is reached. At this point the demag¬ 
netizing ampere turns of the armature preponrlerate and the voltage 
decreases to zero. The curve thus bends back cn itself, and cuts the 
current axis a little to the right of the origin. Thus there is a maximum 
current beyond which it is impossible to go. 1 his maximum current, 
however, is far beyond the thermal limits of the machine, and is about 
twice the full-load current. F'or every value of the current there are two 
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values of terminal P.D.. and whichever is obtained will depend upon the 
resistance oS the external circuit. The flope of the bottom portion of the 
curve is defined as the “critical” resistance of the external circuit within 
which the magnetic flux is unstable and the machine fails to exdte. 
A shunt dynamo, short-circuited, therefore, is fairly safe from burning out, 
for, when the maximuirt current is reached, the germinal P.D. falls rapidly 
and the current falls to zero. 

Compounded Dynamos. — Machines may be compounded («) level, 
( 6 ) over, and (c) differentially. The compounding effect is obtained by 
using series coils excited by the armature current, and providing a number 
of ampere turns to compensate for resistance voltage drop and armature 
reaction. In “level” compounded machines the series coils are so pro¬ 
portioned to maintain the voltage constant at the terminals. In over- 
, compounded machines the series 

8/" coils provide a M.M.F. greater 

than that required to compen- 
^ sate for voltage drops and arma- 

5 reaction, and the voltage 

1 • I increases with the load. When 

o I the load is situated at the end 

ju of a long transmission line, con- 

? * ^- * "" stant voltage there is often re- 

J qnired at all loads. In such a 

* case the generator is over-com- 

I pounded to compensate for the 

_ ^ I drop in the transmission line. 

Lc— _I - Traction generators are gene- 

° RCVOCOTIONS PES SECOND ^lly ovcr-compounded, giving 

f-i, ,, 5CX5 volts at no load, and 550 

. volts at full load. Differentially 

compounded generators give decreasing voltagrr with increase of load, and 
have the series coils opposing the shunt. The)- are used for cinemato¬ 
graph work, &c. 

Measurement of Losses.—There are two principal methods: (o) the 


REVOLUTIONS PER SECOND 


motor-current method and the retardation method. In the motor-current 
method the machine is run light at various speeds as a motor, by applying 
varying P.D.s to the armature and keeping the excitation constant at the 
desired value throughout the test. Since the machine is on no load, the 
back E.M.F. is almost equal to the applied P.D. and varies directly as 
the speed, the field being constant. Since the flux is constarift, the torque 
will vary with the armature current. This torque exerted is that required 
to overcome friction and windage, hysteresis and eddy-cuhrent losses. The 
hysteresisjoss is at any speed n — an, where n = revolutions per second, 
therefore the hysteresis torque is a constant quantity proi»rtional to “ a ", 
and independent of the speed. The component of the no-load current 
required to produce this torque is also constant. The friction torque is also 
nearly constant, so that the friction and hysteresis current is a constant 
quantity and = O A in fig. 42. The eddy-current loss = B «*, and there- 
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fore the eddy-current torque is B>», and the torque varies as the speed. 
The eddy-current component therefore varies directly as the speed, and 
when plotted in relation to it gives the straight line o D. If we plot, there¬ 
fore, the total current input to the armature as ordinates, and revolutions 
per second .as abscissa:, we get the straight line a u. 

The hysteresis and friction loss = G F x E, watts, 
and the rate of loss by eddies = E F ,x E,, 


where E, is the back F'..M.F. corresponding to the speed oc. The objec¬ 
tion to the method lies in the fact that the friction and windage loss is not 
strictly proportional to the speed. It is essential to run the machine for 
some considerable time to allow a steady temperature of the bearings to be 
reached, and also to set the brushes correctly. 

If two machines be connected rigidly together, and one Svhosc losses 
are known at various speeds be used to drive the other, then the friction 
and windage loss is determined from the excess of |x)wer input to the 
motor above that required to run the motor alone at the given sjteed, 
the field of the generator not being excited. On exciting the gencr.itor 
the excess power gives the losses due to friction, windage, hysteresis, and 
eddies. 

The second test is that due to Routin. The armature is first run up 
to speed and the driving power cut off. It is then allowed to come to 
rest, and its speed is measured every few seconds. If this s(X“ed plotted 
in relation to time, then the tangent gives the angular accleration at the 
given time. 

Let i = radius of gyration of the armature in centimetres, 
m — m.ass of armature in grammes, 

(0 = angular velocity in radians per second. 


At any instant of time during the retardation the rate of change of 
angular momentum is equal to the retarding torque, 


or torque 


m k' 


(i w 
dt 


dyne ccntimetre.s. 


The rate at which kinetic energy is liberated is 

= — m k'‘ —j- w ergs |X:r second 
U t 


- mk* 


d! 


X 10 '’ watts. 


If the retardatioif curves be plotted with the field unexcited jnd with¬ 
out the brushes, and then with the field excited to various strengths, and 
then with the brushes down, the different losses can Ire separated and 
tabulated. To determine the tearing friction and windage the retardation 
curve is obtained by coupling the machine to a sir.all motor and running 
up the machine above its full speed. The belt is then thrown off. A low- 
reading voltmeter is connected across a pair of small brushes on the com- 
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mutator anti tlje voltage read every three seconds or so. The>?peed of the 
machine is [Jroportional to the voltage due to residual magnetism. The 
machine is then excited and run up to full speed as a motor. The arma¬ 
ture circuit is broken and the readings of voltage again taken as the 
speed falls. 

To separate the lo.sses due to hysteresis an^ eddy currents the watts 
due to the same are divided by the corresponding voltage, and the current 
so obtained is plotted vfith voltage as abscissa;. The intersection on the 
ordinate axis measures the current required to overcome the torque due to 
hysteresis, and the line drawn parallel to the line of total current and pass¬ 
ing through the origin is the current required to overcome the torque due 
to eddy currents. The moment of inertia of the armature may be obtained 
by susijending it bifilarly and measuring the time of oscillation. 


Let l' - length of the two parallel wires, 

a ~ distance of each wire from the axis of sus[)ension, 


then the periodic time 



from which can be obtained. 


If the armature be large it may be susirended on knife-edges, and set 
swinging with a small weight attached at a radius “r” from the axis of the 
shaft. 


Then Xr® 


where w, 

Wj 

t 

r 

r. 



mass of the attached weight, 
mass of armature, 
time of a complete oscillation, 
radiu.s of small mass, 
radius of the shaft. 


Efficiency Tests.—The first test to be described is that due to Swin¬ 
burne. Here the machine is run light as a motor with a I’.D. across the 
brushes equal to the full-load K.M.F., the exciting current being adjusted 
to give the normal speed. The power VV„ absorbed b)’ the machine repre- 
.sents the hysteresis, eddy current, and shunt tosses and friction losses and 
armature los.ses. The.se losses, less the no-load armature copper loss, are 
assumed to remain constant at all loads. The losses being known. 


the efficiency = 

where I = 
W. = 



V = 


VI 

VI -k \v„ + w; 

full-load current 
no-load losses, 
variable copper losses, 
output as generator, 
potential difference. 


The iron losses do not remain constant on load, and hence the method is 
not reliable. A very convenient method of determining the efficiency of 



CHARACTERISTIC CURVES 


ao5 


a generato/Js to couple it to a standardized motor. If ij, is the efficiency 
of the motor when absorbing a power VV,, the brake H.P. is*i),W,, and the 

\V 

efficiency of the generator is given by "here \V, = full-load output 
of the generator. ' 

With large machines ^he ex()enditure of energy necessary to carry out 
such a test is e.\|)ensive, and very often impt)ssible. When two e.xactly 
similar machines are available, the Hopkin.son effitiency test is most usual. 
The two machines are coupled rigidly together, so that one acts as gene¬ 
rator and the other as motor. The generator supplies part of the power to 
drive the motor, and the losses are supplied from some external source. 
The two machines arc driven at their normal Sliced, and at approximately 
their normal voltage; the field of the one is slightly weakened by .1 rheostat 
on its field circuit, so that its internal M.M.F. is less thai» the terminal 
E.M.F. of the other machine. One machine then acts as motor, driving 
the other as generator, and, by weakening the; field of the motor sufficiently, 
full-load current is caused to flow through each. In the original llopkinson 
test the power was supplied mechanically. 


If W power supplied mechanically. 
R.i -- resistance of dynamo armature, 
- resistance of motor armature, 


Then (if the fields are separately excited) W — (1/ Kj -t- losses 

due to friction, hysteresis, and eddy currents on the two arm.itures. The 
field of one is slightly stronger than that of the other, but the error involved 
in assuming the losses equally divided between the two machines is very 
small if the machines are above 30 kilowatts (apacity, and having efficiencies 
over 90“. The efficiency of the dynamo then equ.ils 


V, L 


V, u + 1 / R,/ + W Kv + 


w - (1,,*R,, + \Jl<J 


where V, = dynamo-terminal P.D, 
and dynamo-field current. 


If the dynamo supplies the magnetizing current of both machines, then, 
if they are shunt wound, the efficiency of the dynamo 

_ViJj_, 

V, I, -f ly R^ -I- V -f V, lya 

• ^ 

where M - W - U*R,, - IJR„ - V,fU,,- 4 - 

I, total current supplied to the motor by the generator. 

Ij • dynamo-armature current. 

1.. •- motor-armature current. 

1.. ... - dynamo-field current. 

- motor-field current. 
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The losses frfc frequently supplied by a dynamo electrically, or from a 
battery or other source. This dynamo is coupled either in series or in 
parallel with the two machines to be tested. This au.xiliary dynamo need 
only be of small size. In the series arrangement it must be able to take 
the full-load current of both machines, and its voltage 

f 

total los,scs cn both 
current in the armatures' 


In the parallel arrangement it must have an E.M.F. e.inal to the full 
E.M.F. of the machine to be tested. 

Fig. 43 represents thc^Kapp modification of the ilopkinson test, the 
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losses being supplied from the mains. The order of procedure is as 
follows:. 

(it) Run the set at normal speed with the motor connected to the 
mains. 

(i) Close the shunt field switch of the generator, and regulate the 
excitation until the generator voltage equals that of the bus-bars, and then 
close the circuit-breaker which puts the incoming machine in, parallel with 
the bus-bars. 

(f) Stj-engthen the field of the generator until the full-load output is 
given, keeping the speed of the .set constant by regulating the motor field. 


Let Wo = generator output = circulating amperes x line volts, 
W, = input from external circuit, 

Wm = motor input = W^, + W., 


then the combined efficiency 


Wo 

Wo + W,' 
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If the excitation is approximately the same in each machine, then the 
efftcicncy of either * 

r~\v~ 

’ ** V\v-+-w: 

It will be noticed that • special switch S is used, which throws the 
ammeter either into the motor circuit for measurinjj the motor current, or 
into the generator circuit for measuring the generator current. The 
efficiency of the set 

_ generator amperes x volts 

~ (motor-armature amperes + motor-field am|)eres) volts' 

Coupling of Dynamos.—Electrical energy is frequently transmitted 
over considerable distances at high pressures by direct current.* The tlirect- 
current dynamo is difficult to design for high pressures owing to com¬ 
mutation troubles, and a maximum limit might be set at 4000 volts. By 
coupling such machines in series total line pressures of 27,000 volts and 
S7,6oo have been used in France by M. Thury for transmission purixises. 
All that is necessary is to join the positive terminal of one to the negative 
terminal of the other. Much more frequentl)’, however, machines are con¬ 
nected in parallel. In central electrical stations and in other large plants 
the energy is supplied by a number of machines feeding into a common 
pair of bus-bars. The coupling of shunt machines in parallel is easily 
effected without disturbing those already working. The incoming machine 
is excited and run up to speed, and its voltage is adjusted to ctiuality with 
that of the bus-bars. The positive terminal of the machine is connected to 
the positive bus-bar and the negative terminal to the negative bus-bar. The* 
distribution of the load depends essentially on the armature internal E.M.F.s 
and the resistances of the armatures. 

The terminal I’.D.s being equal to that of the bus-bars, it follows that ’ 
the distribution of current in each is such that the resistance drops in each 
when subtracted from the internal E.M.F.s give erpiality of P.D.s. It will at' 
once be seen that the regulation of lo.rd is effected by altering the internal 
E.M.F. of any machine. This can be brought about in two ways: (a) By 
changing the speed or (6) by altering the shunt excitation. Such shunt 
machines when working in par.allel have a natural tendency to equalize the 
load on each. When one machine is slightly overloaded, due to an increase 
of speed, and its terminal P.D. exceeds the internal E.M.F. of another 
machine, then a reverse current is driven through the armature of weak 
E.M.F., and it is driven as a motor in the same .direction as irefore with 
consequent increase of internal E.M.F. This increase of Ei.M.F. causes 
the other machine to take some of the load. The governor of (he prime 
mover acts also in such a manner to equalize the load. Automatic cut¬ 
outs are connected between each dynamo and the bus-bars, which cuts a 
dynamo out of circuit before a reverse current pa.sses through it. Com¬ 
pound dynamos for traction loads arc frequently connected in parallel. 
To prevent a reverse current passing through the series coils, and demag¬ 
netizing the fields or reversing the polarit;^ it is essential to connect the 
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inner ends of the eeries coils by a connecting lead of veiy Ion? resistehce. 
The condition for running compound tpachines in parallel of differ^t out¬ 
puts is that the drop of volts over the series windings and leads should be 
the same when the machines are carrying their correct share of the current 
In other words, the external characteristics at the bus-bars must be alika 


CHAPTER VI 

EXAMPLES OF MODERN GENERATORS 

An example of the proportioning of the length and diameter of multi¬ 
polar machiifes is illustrated in the photc^raph in fig. 44. It is shown 
coupled to a Scott & Mountain enclosed high-speed engine, with forced 
lubrication, running at 325 revolutions per minute. 

A few particulars of this machine are given below, and it will be seen 
on reference to the.se that the length of the armature over core discs, gap- 
area, magnetic flux per pole, radial depth of armature, are exactly the same 


as those of the crank-shaft generator just described. 
Number of poles . 

6 

Kilowatts . 


200 

Revolutions per minute . 


3*5 

Terminal volts . 


500 to 600 

Amperes . 


335 

Armature— 

Diameter over all . 


39 inches 

Internal diameter . 


*s „ 

Length over iron 


'3 .. 

Effective length of magnetic iron ... 


10.8 „ 

Number of ventilating-ducts 


2 

Width of each duct. 


0.5 inch 

Magnet Core (cast steel) — 

Length of pole-face . 


-13 inches 

Length of pole arc . 


14-S •. 

Pole arc -r pitch . 


0-7 

Radial length . 


12.25 inches 

Bore of field . 


39 , 6*5 .. 

Depth of air-gap ■ . 


0.3135 inch 

Yokr (east steel) — 

Outside diameter . 


M 

73 inches 

Commutator — 

Diameter . 


38 inches 

Rubbing length . 


6 

Number of segments . 


480 
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The nivifbcr of poles is 6; the diameter of the armature, 39 inches; 
and length, 13 inches. If tests and figures are available relating to the 
performance of the 39-in(:li machine, the probable behaviour of a 78-inch 
machine can be predicted with considerable accuracy. In the same 'way 



the behaviour of a machine having, .say, 20 poles and an armature 130 
inches diameter and 13 inches long could be predicted from the tests of 
the 39-inch machine. 

Fig. 4S is a drawing of a machine built by Messrs. Crompton & Co., 
of Chelmsford, for power work. The desien is e.xceedingly massive and 
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substantial from a mechanical point of view. Messrs. Croihpton & Co, 
have kindly furnished the following particulars:— 

Output . 840 kilunatls 

Volts. 600 

Amperes . 1400 

Revolutions per minut^ . a;,o 

Number of poles . li 

Overload cajjacity ... ... ... lyoo amperes for two hours 


Armaturt — 


Diameter ... . 


90 nuhes 

Length over core discs . 

• 

.8 „ 

Net effective length of iron 


'.■i 

Number of slots . 


250 • 

Inductors per slot . 


(> 

Length of air-gap (iron to iron) ... 


j inch 

Total number of inductors... 


1^00 

Number of commutator segments ... 


7 .so 

Diameter of commutator . 


58 inches 


The armature is parallel-coupled and fitterl with equalizing rings. The 
dux density at the root of the teeth is loo,oc» C.G.S. lines (x.-r square inch, 
and in the iron of the armature body about 32,300 lines per square inch. 
These values are properly kept low in order to reduce the core lo.ss of the 
machine, as the siwed, 230 revolutions per minute, is high for a machine of 
the above diameter, and gives a frequency of alternation of 23 per second. 

The magnets are made up of laminated pole cores cast into the cast- 
iron yoke, and fitted with cast - steel pole-shoc.s. The winding of the 
bobbins is compound, and it will be noticed that the scries coils are wound 
outside, but quite inde|)endent of the shunt coils, with a space left for 
ventilation between. • 

The densities in the various portions of the magnetic circtiit are as 
follows:— 

Flux density in the air-gap . 4S.ooo lines per scj. inch 

„ ., wrought iron magnet cores 107,000 „ „ 

„ „ cast-iron yoke . 37.000 » 

„ „ teeth . 100,000 „ „ 

„ „ armature Irody . 32.300 „ „ 


The electrical efficiency of the above machine is as high as 98.5 per 
cent, and the guaranteed full-load commercial efficiency is 96.5 frer cent 
The guaranteed temperature rise above that of the atmosphere is. 70° F. 
after thirty-six hours’ run at full load. The above machine is, of course, 
fitted with a slotted drum-wound armature and carbon brushes. 

The British Thomson-Houston Company have designed and erected 
some very large direct-current generators. Fig. 46 is a photograph of the 
field frame of a generator designed for an output of 2700 kilowatts at 
75 revolutions. The following are some particulars of this machine, kindly 
supplied by the British Thomson-Houston Company, Limited, of Rugby. 
















weight of the armature is irx),ooo Il)s.. and the total weight of the entire 
machine IS 310,000 lbs. 

.lA^VW/'/e Fr.tm- ami The magnet frame is of cast iron, and 

divided horizontally, so that the upper half can be lifted to permit in¬ 
spection of or repairs to either armatures or fields. On account of the 
large size of the frame, the lower and upper halves were each subdivided 
into three sections to facilite transportation. 

The magnet cores are 36 in number, and of ca-st steel, the pole-pieces 
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being laminated and securely fastened to the same; they are,fastened to 
tlie magnet yoke by bolts which can easily be removetl, so that*ins|)cction 
or repair of any particular pole-picce with its fiehl winding can be readily 
made. The pole-faces are ci>niposed of laminations of two lengths, 
arranged alternately, so as to produce the graduated, field effect given by 
a chamfered pole-piece. Ii^ the old generator this ciToct was prixlucetl 
by chamfering the solid [Kile-face. 

The field coils are wound on spools, having a double sheet-iron bixly 
and malleable-iron flanges, the shunt winding Ix-ing ne.\t the magnet frame 
and the series winding below it. 

Armature .—The armature spider is <if cast iron, and so ilesigned that 
shrinkage strains are avoided. The armature cw is built up of lamina¬ 
tions, japanned lK:fore being assembled, to pre\ent eddy currents. These 
are secured to the spider by rlovetail projections, and are heUl ih plai e b)’ 
end flanges of cast iron, which also serve to sup|)ort the eiul wiiulings. 
Space bolts are inserted at eipial intervals between laminations to provide 
ventilation duets. None of the bolts entering into the construction of the 
armature pass through tiu- laminations. The armature spider is so arranged 
that it produces a fan elfect, forcing the air through the ventilating-space 
between the laminations and into the windings, thus reducing heating o( 
the generator. The armature is multiple-circuit drum-wound, and provided 
with ecpializer rings, connected to points of eipial |K>tential at the back of 
the winding. The rings are secured with insulation jiieces attacheil to the 
arms of the spider on the back of the armature, and are readily accessible 
for insix;ction. They teiul to com|)eusate for dilfcrences in the magnetic 
strength of the poles, due either to difference in material or length of air- 
gap, which effect tends to improre the commutation of the generator. 
Armature coils are marie in halves, ba. k connection being made by solder¬ 
ing twir ends together. *1 his form ol winding has the advantage that, in 
case it is necessary to remove one-balf of the coil for repairs or inspection, 
the other half may be left in place without disturbing the adjacent coils.* 

Commutator .—The commutator is supixirted on an e.\tension of the 
armature spider. The commutator bars are of hard-drawn cop|iei, and 
marie with a drrvetail on the lowr-r edge to secure them in place. 

The side mica used in the construction of the commutator is of soft 
({ualitv anrj as thin as the rerjuirements for insulation will |rermit, so that 
even wear of mica and cop|)er is secured 

llrush-holders and Hrushes .— 1 he brush-holders are so constructed that 
the tension of anv brush can Iwi readily adjusted, or the brush removed, 
while the machine is in o|xration. The brush is inclinerl slightly forward 
of a radial position, Jhe angle in reference to the commutator being such as 
to largel)' eliminate the friction of the brushes in the guides, causing it to 
better follow any ine«|ualities due to the movements of the commutator. 

InsutatioH.—'Xht insulation IxAween the field coils and magnet frame, 
and also between armature windings and the armature core, is tested at 
4000 volts alternating current for 10 seconds, or 2ocw volts for a (xiririd 
of Oo secomls. 

The temijerature of the generator is guaranteed not to rise more than 
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63° F. after,a run of twenty-four hours at full rated load. The rise will 
not be more’ than 99° F. with an overload of 50 per cent for two hours, 
following a run of twenty-four hours af rated load. 

The generator is further guaranteed to carry an overload of 50 per .cent 
at rated voltage for two hours, and 100 per cent momentarily, without 
movement of the brushes, without injurious sjarking. 

The generator is compounded for 525 volts no load and 575 volts full 
load, full load being 45'9S amperes. 

. II iKiAiIr'itfi^ii; . ^ 


Fi^'. 47. CenrrnU r for Direct Couplii'ii to Kii};ifie 

Fig. 47 shows another form of generator, manufactured by the above 
company for direct coupling to engines. These machines have iron-clad 
armatures of the slotted drum-wound type. The field fra?ne is cast from 
specially selected soft iron of the highest permeabiljty, while the pole- 
pieces are of soft steel and arc solid. The bobbins are of the round 
pattern. The armature windings, which are separately insulated, consist 
of straight copper bars requiring but two joints for each turn, and repairs 
can easily be made. The conductors are held in the slots by wood wedges, 
rendering the use of binding-bands on the core unnecessary. The com¬ 
mutator sleeve, which is of cast iron and is pressed on the armature spider, 
is independent of the shaft. 
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The folloveiti;^ is tlie standard Irasis of ratiiij' of the above generators. 
The tenifjerature of no part of tlie armature or field coils 'as measured 
by the thermometer after a run of t«ent>--four hours at full rated load with 
normal conditions of ventilation will rise more than !•'. above that 
of the surrounding air. The guaranteed rise of the .commutator is 72* F. 





f (.'fiiiik'iitMft OeiiLfiiior 


The)-, however, introduce a proviso that the temperature of the air must not 
exceed 77° I'., and in the event of this temixjrature exceeding F. the 
above rise in tem]K:raturc is to be corrected 0.28 |jcr cent for each degree 
I'ahrenheit that the tcm|xrature of the surrounding air differs from 77 f • 
With the load then increased 50 |x;r cent above the rated am[x:rc.s and at 
the rated volts for two hours, the temiterature of no part of the generator 
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will he more than 99° F. alxne the atmosphere. These generators will 
carry an overfoad in current of 100 per cent momentarily witliout injurious 
sparking. 

Fig. 48 is a photograph of a 400-kilowatt crank-shaft generator, 
showing the general ty|x; of machine built by The British Westinghouse 
t.'ompany. Particulars'and data of the machine illustrated are not avail¬ 
able, as the company is averse to publishing such data. However, the 
general design of the‘’generators built by this* company consists of a 
circular yoke of cast iron carrying inwardly-projecting poles of laminated 
soft steel. The field castings are divided vertically and set upon a guide- 
plate. This vertical division of the field affords excellent facility for 
inspection or removal of tlje armature or field coils without the necessity 
of removing the armature from its Ix'arings. These machines are generally 
compound lyiuml, and are over-compounded to rai.se the pressure at full 
load in accordance with the best standard practice. The shunt and series 
coils are removable at will. Another feature of these machines is that the 
armature core is built up upon a cast-iron spider which also has the com¬ 
mutator sleeve cast solid with it. I.argcr machines have retaining-wedges 
of hard ’fibre driven into the slots as in the case of some of the other 
machines dc.scrilxxl in this pa|jer. Carbon brushes are, of course, used with 
all these machines. I he brush-gear is carried in the approved method, i.e. 
from brackets projecting from a ring concentric with and supported by the 
field yoke. 
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GKNKRAL PRlNCll’l.ES 

With exception of •'homopol.ir ” dynamos all electric generators in 
practice are primarily generators of alternating current, h'or the pur|)osc 
of obtaining direct current a commutator is required to convert the Ic.M.I''. 
and current from alternating to direct. The presence of a commu'tator in 
direct-current m.ichines makes it almost essential that the armature aiul 
commutator should be the revolving members, and the field-magnets and 
brushes remain stationary, so that the latter may receive attention whilst 
the machine is in motion. 

With an alternator this re.striction docs not exist, and cither the magnets 
or armature ma\’ be made to revolve. There are some obvious advantages 
in making the armature stationary. The insulation of the coils is not 
subject to mechanical stresses due to centrifugal force, and the current is. 
led away from the armature through stationary conductors. Slip-rings 
are of course required for conveying the current to the field-magnet coils, 
but the current is a small one and of low voltage. The arrangement of 
having the armature windings stationary enables them to be easily insukited 
for generating at high voltage, .and this, together with the easy transforma¬ 
tion of voltage, forms the chief reason why alternating currents aie used 
for high-tension distribution in preference to direct. 

The K.M.F. of an alternator is produced by the relative motion between 
the magnets and the armature windings, and depends for its amount on 
the magnetic flux per |Kile of the magnets, the number of turns in the 
armature windings, and the relative .s|K'ed of the poles to the latter. As 
a basis for calculation we shall suppose a simple form of alternator to 
consist of a rectangular coil consisting of one turn. A, fig. I, rotated at a 
uniform sjteed in a uniform magnetic field whose direction is shown by the 
arrow-heads. As fhe coil rotates, the flux which passes through it varies 
from a maximum x when the coil is in the horizontal [xrsition torf) when 
the coil i' in the vertical position. If 6 is the angle by which the coil has 
moved from the horizontal prjsition, then the amount of flux enclosed by 
the coil is N cos ft If a curve of flux passing threugh the coil be plotted 
with angular position of the coil as absciss:e, this curve will follow a cosine 
law (fig. 2). The abscissa: may represent either angular position of the 
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coil or time in seconds (to another scale), since the rotation‘of the coil is at 
a uniform ratfe. 

When the flux through the coil is maximum, the E.M.F. acting in the 
coil is 0, since for the moment the coil sides are moving along the lines 
without cutting them. . 

•When the coil has moved through the angle^O the flux through it has 
decreased from N to N cos 0 . The coil sides are now cutting the lines of 
force, and an E.M.F. is set up in the coil whose direction is into the paper, 
indicated by the cross on the right side of the coil, the dot on the other 
side serving t(j indicate that the E.M.F. is there out of the paper. This 
K.M.K. bccoine.s a maximum when the coil is in the vertical position, the 
flux through it being o, after which it dies a\fay until the coil :igain 




• becomes horizontal, when it is again /.cm. On further rotation of the coil 
it again increases, but in the opposite sense, and falls to zero. Actually 
the IC.M.F. varies according to a sine law, and the curve of E.M.F. is shown 
in fig. 2, the maximum value being marked K„. We have cho.sen to repre¬ 
sent the Fi.M.F. curve above the axis of abscissa:, or in a positive direction 
during the period that the flux is changing from a positive to a negative 
ma-ximum. This is because the direction of E.M.F. is such as to try by 
the current it would produce to maintain the flux through the coil in a 
direction from side x to side Y (fig. i), i.e. in the initial direction, which is 
positive. In this way the direction of E.M.F. and flux are given some 
definite rel.itionship to one another. > 

The mathematical expression for the instantaneous value of the E.M.F. 

/ T\ * 

is E„ sin 0 , and of the flux N cos 0 or N sin (0 -F -)• 

A more convenient way of representing quantities which vary according 
to a sine law, than by means of complete sine curves, is to indicate them 
by the rotating vectors from which the curves are developed. 

In fig. 3 such vectors are shown, N for the flux curve and E„ for the 
E.M.F. These rotate anti-clockwise at the same speed as the coil, and 




GENERAL PRINCIPLES 


fig 


their horizontal projections represent the instantaneous values of flux 
and E.M.F. respectively. The position of the vectors aflei* the coil has 
moved through angle d is shown by the ones dotted and their projections 
shown on the curves of flux and E.M.F. The angle between the vectors 

is - radians or go'’. Of course all alternators do not produce E.M.F.s 

^ • 

which vary in a sine law, nor does it follow that an E.M.F. varying as a 
sine will always produce a current varying in'the same way. In all 
ordinary cases, however, it is assumed that E.M.F. and current vary as a 
sine, partly to simplify mathematical problems dealing with the subject 



and partly because such a variation is aimed at in practice, as it pnaiiiccs 
the be.st and simplest results. Thus most imxiern designs of alternators 
produce approximately sine waves of E.M.b. 

The next thing we shall consider is how to express the power of an 
alternator in terms of the E.M.I’. and current. The jxiwer of a tlirect- 
current dynamo is simply the E.M.F. in volts multiplied by the current m 
amijeres, and is expressed in w:itts. The power of an alternating current 
will vary at each'instant, and can be expressed by a curve whose ordinates 
are the product of the instantaneous values of E.M.F. and curreat at each 
instant of time. .Such a curve is plotted in fig. 4, and we have here 
assumed for the present the simplest case in which the current and F^.M.F. 
rise and fall together or are in phase. The ave.agc power is simply the 
mean height of the power curve, and is shown by the dotted line. This 
would be called the output in watts. At first sight it might apjjear that 
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the average pqwer could be obtained by multiplying the average E.M.F. 
by the average current, but this is not the case. The average power is the 
product of the root mean square (written R.M.S. for short) values of the 
current and E.M.F. The root mean square of the current is obtained b^- 
plotting a curve whose qrdinates are equal to the square of the ordinates 
of the current curve at the corresponding n^omejits. The mean value of 
this curve is then found^ and the square root of this value is the R.M.S. 
current. The R.M.S. value of the E.M.F. is found in a similar way. If the 
current and E.M.F. curves are sine curves, or ones to which the mathe¬ 
matical equation can readily be stated, the R.M.S. values can be obtained 
without recourse to such a long method as that described. 

E.xcept for a rectangular«wave the R.M.S. v^ue is invariably somewhat 
greater than the mean value. Thus for a sine wave the mean value is 

- or 0.637 ti/ne the maximum value, whereas the R.M.S. value is or 

TT V 2 

0.707 time the maximum. The ratio of the R.M.S. value to the mean 
value of a wave therefore depends on the wave form, and is termed the 
“ form factor ” of the wave. 

The average value of the FM.F. of an alternator can he readily 
obtained whatever the wave shape may be, provided the maximum flux 
which the coil includes during a revolution is known. The average 

. total change of flux ,, 

time in seconds for change to take place 


We should choose for the time taken that during which the flux through 
tjie coil changes from a maximum in the + direction to a maximum in 
the other, for then the total change of flux is known and is 2 N, and the 
E.M.F. makes one complete pulsation (fig. 2). The time taken is that of 

one-half period, .so that for / cycles per second the time is seconds. 
• 2 N 

The average E.M.F. is therefore ...= 4 /N x lO"* volts, or for 

X to* 

2 / 

a coil of S turns = 4S/N X lO'® volts. This is quite irrcs(>ective of 
irregularities in the wave of Ic.M.F. In order to obtain the R.M.S. value, 
however, the shape of the E.M.F. wave must be known and the form- 
factor X- found. The E.M.F. would then be 


E = 4X-S/N X 10'® volts (R.M.S.). 

» 

For a sine wave the form-factor (from the figures stated above) is 

0.707 _ Hence the formula for R.M..S. value of the E.M.F. of an 

0.637 

alternator producing a sine wave is E = 4.44 S/N X tO"® volts. 
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CHAPTKR n 

TYPKS of AI.TKRNATORS 

When alternating current was first used it was almost entirely on the 
single-phase system for lighting. Early examples of single-jrhase aiter- 
nators are the Ferranti and the Mordey, both of the coreless-disc type. 
The principle of the former is illustrated in fig. 5. Disc-shaped coils 
wound with cop|)er strip were rotated between alternate N. and .S. poles, 
and in this way the magnetic flux cau.serl to alternate in the coils. Then 
if the total flux issuing from an)’ pole is K and the total numlrcr of turns 
in series S, the K.M.F. ' 

E = 4/’S/N X 10'® volts, j 

where y is the freipiency or numlrer of times a coil passes a pair of |)oles 
per second. Both the h'crranti aiul ,Morde)' 
alternators are obsolete, as they were ex- 
(rensive, mechanically weak as regards the 
fixing of the armature coils, and unsnited 
for the high tensions now in use. 

The ty|)e of synchronous .ilternator 
which is now in common use for slow and 
medium s|)<;eds is shown in fig. 6, which 
shows a three-phase generator of medium 
speed. The same general construction is 
used in high-s|x:cd turlxi-alternators, but 
the latter are much longer and of smaller 
diameter than slow-s|)ced ones. 

The armature core, which is stationary, 
is held in a cast-iron frame between two 
flanges, one of which forms part of the frame, 
the other being loo.se. Insidated bolts |>ass 
through the stampings of the core and draw 
the loose flange tightly against them. The 
outer edges of the laminations bear against 
ribs in the frame. The laminations are 
made in segments, and so arranged that the joints of adjacent layers lie 
on different radii. They are of alxrut 0.5 millimetre thickness, atid insu¬ 
lated from one another by tissue-pajx-’r .and black varnish. A number 
of ventilation spaces are left Iretwecn them, and the frame has a large 
number of openings to allow the cooling air free exit. 

The poles are bolted on to a fly-wheel rim, which forms in the larger 
sizes the sole fly-wheel of the engine. In some designs only the pole tips 
are laminated, to prevent loss from eddy currents, the pole core being solid. 
When the poles are laminated throughout they are either dovetailed into 
the rim and fixed with wedges, or, as sluwvn in the figure, have a rectan¬ 
gular hole in the centre to receive a steel block into which the bolts 
are screwed. In larger sizes the frames are divided into two parts for 
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convenience in handling, as illustrated in fig. 7, the section^d)eing bolted 
together, as shown at C. 

The rotor is also split in two and bolted together. The rim is further 
held together by steel rings, which fit into grooves, as shown at L, and are 
shrunk on to the projections of both halves of the rim formed by the 
grooves. * 

Larger sizes still, say over 20 feet diaineterf are divided into four 
sections or quadrants and fixed together in a similar manner, Slow-s|)ecd 
alternators of large outputs are not used in conjunction with steam-engines 
nowadays, turbo-alternators having replaced them, but their use in con¬ 
junction with gas or Diesel engines is becoming common, more especially 
on the Continent. The same design may be used as for steam-engines, but 
a very much heavier 
fly-wheel is required 
for explosion engines, 
owing to the large 
variation of crank 
effort. In some cases, 
to prevent the rotor 
from being excessively 
heavy on this account, 
the alternator is made 
of larger diameter than 
is warranted from the 
standpoint of electrical 
design. .As the fly¬ 
wheel effect increases 
as the square of the 
radius of gyration a 

small increase in the kik. 7.-siow-npeed Aiiemwor 



diameter will permit of „ , , - a .u 

a considerable reduction in the weight of the fly-wheel rim. Another 
alternative is to use a separate fly-wheel, but this often involves the use 
of another bearing. Still another way of obtaining a large fly-wheel elicct 
without making the weight of the rotor exce.ssive is to use an alternator 

of the externally revolving field type. ., „ , • .u 

Horizontal alternators of this type were originally installed in the 
Niagara Falls power-station, the problem of oiling the vertical shaft of 
the water turbines being made easier by having the internal armature 
stationary, whereby the possibility of oil being thrown on to the windings 


was overcome. • . j u 

A vertical alternator with externally revolving field, made^ by the 
Oerlikon Company, is illustrated in fig. 8. The alternator is three-phase, 
and is specified to give 1540 kilowatts at 140 revolutions per minute, 
42 cycles, .S650 volts. The armature is held by a framework bolted 
down to the floor, and the shaft carrying the fly-wheel and internal poles 
passes clear through the frame to a bearing at the outer end of which is 
carried the exciter. 
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Another, type of alternator, which came into use chiefly on account of 
its simple construction, is the “ Inductor* Type”, so*called because the 
maprnets which rotate are not wound, but have their magnetism induced ■ 
in them by a fixed field coil. 



F.x<tlnples of this type are shown in figs. 9 and to. The essential 
features of the construction are that the field winding is wound in one 
large coil, and is fixed to the armature frame, and the poles facing the 
armature are all of similar polarity. The effect is the same as if all the 
poles of one kind were removed from an ordinary alternator. It would be 
necessary in this case to provide a return path between the armature and 
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noticed ^at two air-gaps an 

'^ ’iftmAtor in this way we should stiU oiwii|h^^ l^ ilternating E.M.F. luit 
• ^^ «^' hdiC the amount, so that the outpo^^ld he only harf what it was ; 



Fin. 9 .—Tndoelor Alternator 
JV.C, Mamet coil. 


befote. There would be room, however, to increase the sire of the remain¬ 
ing poles, and so obtain a larger flux per pole, whereby the E.M.F. and 
output might be restored to their original values. This would necessarily 
inctean the weight of iron to carry the flux, and so render the machine 
veryheavy and costly in material. Another way would be to increase the 
number of turns in the armature winding, but this would lead to very poor 
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Vi, Annatuia y^kt, aa, Armatarc core, Magnet jro^a 

/egulation (see Chapter IV). The advantage of the inductor type, there-’ 
fbre, lies in the simplicity of the construction of the rotating part and 
the saving of field copper by winding it in one large This latter 
has the disadvantage that if the field breaks down repair is difiicttit 
Owing to its many disadvantages the inductor type is seldom used now. 

. 10 shows a two-phase generator of this type, in which the return 

path of Ae flux is used to excite a second armaArc. 

A fiwni of generator suitable for high speeds, which has the merit also 
’of simply construction of Ae rotor, is Ac “Induction” generator; T>is 
vsai'i ' ' «. ■ 
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consists of an induction motor (q.v.) driven above its synchronous speed, 
whilst the stator is connected to an alternating-current supply. Under 
this condition the energy flow of the motor is reversed, and it becomes 
a generator. The rotor may be of the squirrel-cage type, consisting of a 
number of cop()er bars placed in slots in the outer periphery of a laminated 
(lore. The ends of the bars are joined togetl^r at both ends of the rotor 
by means of short-circyiting rings into which the bars are bolted, soldered, 
or .sometimes cast. This makes a very simple construction, capable of 
withstanding high speeds without much to go wrong. 

Such a generator, however, has the great disadvantage that it depends 
entirely upon another generator of the synchronous type to maintain the 
voltage, as it is incapable of supplying any magnetizing (or wattless) 
current, and draws magnetizing current from the synchronous generator 
for its own*field excitation. On this account its use is limited to systems 
in which the power-factor is high, otherwise the synchronous generator 
becomes overloaded with wattless current. It is sometimes u.sed in con¬ 
junction with turbines worked from the exhaust steam of reciprocating 
engines coupled to synchronous generators which supply the necessary 
magnetizing current and set the frequency of the circuit. 


CHAPTER III 

ARMATURE WINDINGS 

Alternators are rarely made with more than three phases, and even 
single or two-phase are not cointnon nowadays. This is because of the 
general adoption of three-phase current 
for the transmission of electrical power, 
owing to its economy in copper over 
single and two-phase. The windings of 
alternators, whether of the single-, two-, 
or three-phase type, generally consist of 
a number of coils whose sides are em¬ 
bedded in slots, which are usually either 
open, with wedges of wood to retain the 
winding (fig. ii), or semi-enclosed (fig. 

12). The semi-enclosed type gives a 
smoother curve of E.M.F. but involves more labour in winding as each 
conductor has either to be dropped singly into the slot through the opening 
or pushed through if the opening is not large enough to pass the con¬ 
ductor/ Sometimes the slots are completely closed. 

The arrangement of the coils in single-, two-, or three-phase multipolar 
alternators is shown in fig. 13. Only two pwles developed in a straight 
line are shown in each case. The coil in (a) is shown with its two sides ■ 
under the centres of adjacent N. and S. poles. By the time a coil side has 
come under the centre of the next pole moving up to it, the E.M.F. induced 
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in it has changed from a maximum in one direction to a maximum in the 
other. In the simple alternator upon which we based our calculations this 
necessitated a rotation of the coil through 18o°. The angular distance from 
pol6-centre to pole-centre is therefore referred to as i8o°—electrical degrees 


• 180° 

as distinguished from the actual nuinlwr of degrees, which is - , where f 

is the number of pairs of poles. The distance tneasured in inches or 
centimetres is called the pole pitch. The K.M.F. induced in the coil at any 
position of the coil side relative to the pole is shown bj’ the curve in (r/). 

In a two-phase generator there are two windings, the h'.M.R induced 
in one being 90' out of phase with that induced, in the other. To obtain 
this result the coils of one phase are ['laced yo electrical degrees, or one- 



ilf of a pole pitch, from the coils of the other, as shown in {b). The^two 
E.M.F.S produced ,ire shown in (cl 

In a three-phase ni.'icliine three windings produce three K.M.F.s at 
120°-phase difference, and the coils are spaced at a distance of two-thirds 
of a pole-pitch. This is shown in ic) and the corresponding K.M.F.s in (/). 

In figs. 14 and 15 two styles of single [)hase 4-pole windings are shown 
by the coils coloured black, n.imel>-. half-ioiled, in which there is one coil 
per pair of poles, and vjhole-toileJ. in which there is a coil opposite every 
pole. The coils are shown connected in series, though for low voltages 
they may be paralleled. The F.M.F. ['roduccd by eit.hcr style is the same 
for the same number of turns in series. The mean length of a turn in the 
half-coiled winding,is slightly greater than in the whole-coiled, so that 
the resistance and amount of cop|jer used i ; corr<;s;>ondingly more. In a 
.single-phase alternator the armature is usually .slotted throughout* and a 
fraction, say two-thirds, of the slots are wound. In this case only half are 
wound. If a similar winding (shown red) is placed in the remaining slots, 
a two-phase winding is obtained. In order to dear the end connections of 
the first winding the end connections of the second must be bent up, as 
shown by the black coil in {b) fig. 13. For three-phase, the windings are 
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almost invariably half-coiled, as the clearing of the end connections becomes 
complicated with whole-coil windings. By the Use of half-coiled windings 
the end connections are simply and easily arranged in two planes. A six- 
pole three-phase wimping is shown in fig. i6. It will be seen that every 
alternate coil of each ‘phase has its end connections bent up to clear the 
others. With an odd number of pairs of poles one coil must be specially 
shaped to clear both’straight and bent coils,, and a winding with six 
poles (or three pairs of poles) has been chosen in order to show this; as 
will be seen, (he right-hand coil is of special shape. 

The windings of a three-phase alternator may be connected in either of 
two ways to give three-jjhase current Were ^ey not so connected the 
windings would have six ends and give six-phase current. The two 
methods of^cohnection are called “ star or gamma ” and " mesh or delta ”, 

the names suggesting 
themselves from the dia¬ 
grammatic methods of 
representing them. 

Fig. 17 shows the 
star connection, in which 
the three-phase windings 
have one common junc¬ 
tion, called the star point. 


the free ends being connected to the generator terminals. This is the 
most common form of connection. The delta or mesh connection is 
shown diagrammatically in fig. 18. The three junctions of the phases 
are connected to the generator terminals. 

The mesh connection has the disadvantage that if the voltage in each 
phase IS not equal, circulating currents pass round the mesh and cause 
waste of energy. Each phase, when mesh connected, has to produce the 
total line voltage, and therefore a larger number of turns is required per 
phase than with the star connection, which involves more labour in the 
winding. To connwt the winding shown in fig. 16 in star the ends 
1, 2, 3, would be joined to form the star or neutral point. For mesh 
connections the ends i 2', 2 3', 3 t', v-ould be joined to form the three 
terminals of the winding. 

B^rel windings having the same appearance as direct-current windings 
are often employed where the slots are open, more especially in turbo- 
alternators, as the end connections are very compact. The digram of 
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a six-pole, three-phase winding of this style.is shown in fig. 19. The 
appearance of the winding’ is shown in fig. 20, which represents the stator 
of a turbo-alternator in process of being wound. 

The power of an alternating current is the product of the RMS. values 
of current and E.M.F. only if they are in phase. We shall now find an 
expression for the power wiien the current and E.M.F. differ in phase by 
an angle a. • 

Let the current and E.M.F. at any instant be i and r respectively 
so that 

e -- sin 0. 
and i 1„ sin - a)> 

That is to say, the current lags behind the H.M.fl. by angle «. 

To get the activity of the circuit, or the mean power given to the 
circuit, we have • . 

ri K„ I„ sin 0 sin ((} - a) 

== (2 sin 0 sin (0 - u)] 

- " I cos (( — cos f-> 0 — a)]. 


Now the mean value of cos (2 f) — a) over a complete period is obviously 
zero, as the values in the second aiul third <iuadrants are negative and 
neutralize the positive values in the lirst and fourth quadrants, lienee 
the activity or power in a single-phase generator 

W i I*.,,, COS u 

- F I cos u, 

where VV - watts output, 

K - effective K.M.F. generated per phase, 

I - effective current flowing through the circuit, 
a - phase angle between current and F...M.F. 

In a two-phase generator, where each phase give;, an F.M.h'. of F volts 
and a current of I amperes, 

VV 2 F I cos a. 

In a three-pha.se generator 

VV' 3 Is I cos n. 

Since, however, the output of a three-phase 
generator is usually referred to the terminal 
E.M.F, and the line current, we obtain the 
following expression:— 

VV \/ 3 X 1 | X K/ cos a. 

To prove this, consider a generator in 
which the three windings are joined in star. 

In such a system the voltage between the extremities of two windings, 
as BC, fig. 21, is greater than that generated in each phase—that is, the 
voltage between A B, B C, and C A is greater than between A ti, B D, and C D. 



f iK >1 
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■■ 3'E.cos 30 


E\/3, 


The dirrent leaving any of the collector rings is the same as flows in 
the windings, thus 1 / = I. « 

The total power of Jthe three phases is obviously three times as great as 
that of one phase, thus 

W = 3 X E I cos a 


(a always referring to tfie phase relation between current and E.M.F. in 
each phase). • 

Inserting in this equation the values of line current and E.M.F, that 
is, substitutjpg for I and E values of I; and E; as obtained from above 
equations,'we get 

E, 

W = 3 X X U cos a = V 3 E/I<cos a 



which is the equation given above. 

When the phases are mesh-connected the 
voltage betw'een the terminals is obviously 
that of each phase, in other wordst E^ = E. 

Any current drawn from a terminal is, 
however, made up of the two currents of ad¬ 
jacent phases, and since the currents generated 
in each phase are displaced from one another, 
the resultant current is not the sum of the 
currents in each phase, that is, not 2x1, 
but, as can be ascertained from the diagram, 
fig. 22, 

1 / = s /3 I- 


Substituting for these values the values of 1 / and E* as above, we get 
as before— 

W = 3 X E X I cos a 


“ 3 X E/ X 


1 / 

- cos a 
V 3 


s/i Er 1/ cos a. 


CHAPTER IV 

SPEED REGULATION—ARMATURE REACTION 

Alternators may be classified as low, moderate, or high speed Low- 
and moderate-speed alternators are used in conjunction with reciprocating 
Bteu^ or gas-engines. High-speed ones are us^ with steam-tifrbines. 
'Tiwmust be such that with the frequency specified the tmmber 
(ibi^liUre even (ie. there must be an equal qumber of N. and S. polesX 
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The highest possible weed fof 50 c^Ies per second it- 3000, ana tpr 
3^ cycles 1500 revolutiiHil per minute, for in bqth cases the number-of 
poles would be twa Turho>altemators of 50 cylles' are made with two 
poles occasionally up to outputs of 5000 kilowatts, and 3$ cycl^il up to 
much la^er outputs. Two-pole designs arc more expensive than foutr - 
pole, in spite of their higher speed, which, howe’er, permits of a cheaper 
and more efficient steam-turbine. Usually the«maximum speeds are IJOO 
revolutions, per minute for 50 cycles and 750 for 25 cycles. 

Moderate-speed alternators range in speed from 200 to 490 revolutions 
per minute,'; and are used in conjunction with high-speed reciprocating 
engines. Slow-speed alternators range from 70 to 150 revolutions per 
minute. 

One of the most important factors in the design of alternatore is the 
securing of good regulation of voltage with load, that is to say, the pressure* 
must not fall greatly when the alternator is suddenly called upon to meet 
a heavy load, nor must it rise much above normal when a heavy load. is 
switched effi 

Regulation is affected by three causes, namely:— 


1. Volts absorbed by resistance of armature windings. 

2. Volts absorbed by reactance „ „ „ 

3. Reaction of armature ampere turns on the field ampere turns. 


The first of these is of small account compared with the other two, and ■ 
is of most importance when the armature current is in phase with the^ 
E.M.F. The third cause has considerable effect when the armature current 
is much out of phase with the E.M.F. To explain why this is so, we shall 
take as an example the simple three-phase winding illustrated in fig. 33, 

. and show how the armature current affects the magnetic circuit For the 
sake of simplicity, only one slot per pole per phase is shown and one 
. conductor per slot numbered according to the phase to which It belongs. 
The current in phase i is supposed to be at its maximum passing out 
from the alternator, and the current in the other two phases will therefore 
be one-half the maximum passing into the alternator. The exact flow of 
current under these conditions can best be understood by referring to the 
winffing digram (fig. 16), and supposing the winding to be star-connected. 

The current in. fig. 23 is indicated by a cross where it is flowing aw^ ' 
from, and by a dot where it is flowing towards the reader, the depffia of 
the markings giving an idea of the intensity of flow. The currents in the 
three phases are represented by the vectors shown to the left-hand side^ 
the vei^r numbered i indicating the current in phase i, and so on.' We 
nave chosen to represent the pole-centre just over the phase having maxi¬ 
mum current The actual relative position between the pole and the currents 
flowing in die winding will depend on the nature of the load. Thus with a 
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heavy lagging current the pole-centre would be forward of the position shown, 
in the direction o^rotation of the poles (indicated by the arrow), and vice 
versa if the current were leading by a large amount. The magnetic effect 
of the armature current is shown by the lines of force round the armature 
conductors, and, as will^ seen, the result under the conditions shown is to 
distort the main field and virtually shift it backwards by an amount, a, 
which dejjends upon the strength of the armature ampere turns relative 
to the field ampere turns. This does not affect the strength of the main 
field to any extent. If, however, the N. pole-centre were placed in the 
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position X V, the magnetic field produced by the armature would directly 
oppose the main field. The main field under these circumstances would 
be reduced and the voltage would be lowered. This relative position 
between the pole and currents in the armature would occur if the current 
in each phase lagged behind the E.M.F. by 90° if the load were purely 
inductive. Exactly the opposite would take place if the current were 
leading the E.M.F. by go". 

We have so far chosen to represent only one state of the currents in the 
armature, at a certain instant when the current in phase i is maximum. It 
is easy to show that the relative positions of the pole-centre and centre of the 
band of armature currents is not appreciably altered by movement of the 
pole. For as the poles move along, the current dies away in some con¬ 
ductors and increases in others, so as to preserve this relative position. For 
example, in fig. 24, the pole is shown as having moved 30" from the 
original position. In the same time the vector diagram of currents must 
have rotated 30°, and it will be seen that the current in phase 3 is now 
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nothing, in phase i it has decreased slightly, and in phase 2 it has 
increased somewhat. Though the distribution of current in the conductors 
is now somewhat different, the relative position of the pole and the cur¬ 
rents is the same, and the effect is still a distorjing one. This is very 
nearly the condition of affairs when the terminal' E.M.F. and current of 
the alternator are in phase (i.e. load non-inductive, such as lamps, &c.) or 
the E.M.F. and current are maximum at one and»the same instant. 

When the current lags behind the E.M.F. by 90° the main field is con¬ 
siderably weakened by the currents in the armature, and the E.M.F'. is 
only maintained by strengthening the main field by the field regulator. 
A lag of 90° is never attained in practice. ^ "I'his would correspond to 
a power-factor of o. Usually with a power and traction load the power- 
factor is 0.8, which corresponds to a lag of 37 electrical degrees. In this 
case the effect on the main field will be a mixed one, partljf distorting and 
partly weakening. The weakening effect is still considerable, however, 
and has to be taken account of in the design of the field-magnet and 


armature windings. 

It is evident that when the current is lagging the change T)f voltage 
from no load to full load will depend mainly on the relative stren^h 
between the ampere turns of the field and those of the armature tending 
to demagnetize the field. The greater the ratio ot field to armature 
ampfere turns the less will be the change of voltage with change of load, 
in other words the stiffer the field the better will be the regulation, 
especially when the current is a lagging one. The value ol this ratio 
will vary according to the conditions of the load and the tpiality of regu¬ 
lation siwcified. If the load is non-inductive the ratio must still be within 
a certain minimum to prevent undue distortion of the field, winch m itself 
throws the position of maxinnim Fi.M.F'. and current m a backward 
direction relative 10 the pole and introduces back amix-re turns m tte 
armature. Accordingly we may assign a minimum value to Ihjs ratio 
below which it would be inadvisable to go, otherwise bad regulation would 
be sure to ensue. On the other hand, were the ratio made too large, the 
machine would become too expensive, owing to the excessive amount of 
active material required, both of copper and iron. 'Ihe raison more 
material is required may be seen as follows: Suppose we have designed an 
alternator with a certain ratio of field-strength to armature-strength and 
have got all the active material into as small a space as po.ssiblc without 
danger of overheating taking place. We could increase the ratio of field 
to armature ampere turns either by making the number of turns in the 
armature fewer or the numlier of turns in the field greater. f we chose 
the first way, then the E.M.F. of the machine would lie lowered. In order 
to bring it up to the same value as before, the flux would have to be 
increased. This would necessitate an increase in the .size of the magnets 
and radial depth of the armature—in fact an increase in the total volume 
of the machine. If the .second method were adopted, more copjier space 
would be required for the field windings, and the machine would have 
to be made larger. In either case an increase of material and cost is 

involved. 
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The value, of the ratio is therefore fairly definite for a given alternator, 
and an experienced designer will know approximately what value to assign 
for a specified voltage regulation. 


• CHAPTER V 

PRINCIPLES OF DESIGN 


Space does not permit'of a very full discussion of the design of alterna¬ 
tors here, but a few of the fundamental principles arid a worked-out design 
will be given to indicate as far as possible the methods used. 

The outpuhof an alternator in kilo-volt-amperes is proportional to E I, 
where K is the E.M.F. per phase and 1 the current per phase. 

Now E = 4.44 S/N X 10'®, so that for an alternator of given output 
and frequency we may write, omitting the constant quantities, 

output is oc E I oc S I N, 


where S I is a quantity which multiplied by a constant gives the ampere 
turns in the armature winding, and N is the flux per pole. The expression 
S 1 N is therefore constant for a given alternator, and we have th*e choice 
of making a machine with either a large flux and few armature ampere 
turns, or small flux and many armature ampere turns. This means that the 
/iM ampere turns may be small when the flux is large, and vice versa, since 
the ratio of field to armature ampere turns is more or less fixed according 
td the quality of regulation required. Various considerations determine 
the limits within which the ratio between these two quantities (S 1 and N) 
ipust lie, but a little thought will show that with a heavy flux the volume 
of iron and consequently weight of the machine must be great, whereas 
with a large amount of field and armature ampere turns and small flux the 
weight of iron would be less, but that of the copper actually increased in 
spite of the fact that the mean length of the windings is smaller. A simple 
example will make this clear. Suppose a square pole of 3-inch side had 
four ampere turns, the flux it could cifry would be proportional to the 
area of cross-section of the pole, or 9. If now we reduce the pole side to 
3 inches, the flux the pole could carry would be proportional to 4. The 
ampere turns x flux being constant, the ampere turns would have to be 


increased in the ratio of 

4 


and would therefore be equal to 9. 


To keep 


the example simple we shall suppose the windings in both cases to carry 
one ampere, so that the turns in the first ca.se are 4 and in the second 9. 
The length eSJ turn in the first case will be slightly more than, but approxi¬ 
mately, 12 inches and in the second case about 8 inche.s. The total 
length of wire in the first case will be 48 inches and in the second case 
72 inches, and as the same current has to be carried in both cases these 
figures will very nearly represent the relative weights of copper. Another 
objection to having a large number of ampere turns is that the slots 
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would be very deep and the poles long radially. This ^ould cause a 
great deal of leakage flux between the poles, and. the armature to be 
highly inductive, increasing the drop of voltage with lo.td and reducing 
the power of running in parallel with other machines. Al.so special means 
would have to be adopted to keep the windings cqoI. 

Suppose that the rat^o between S I and N is fixed, we have still to 
choose between making the diameter of the alternator large and the axial 
length small, or vice versa. If the diameter is made very large, the peri¬ 
pheral speed would become too high for the material to stand the strain, 
and the amount of material used for the weight of the framework would 
become excessive, making an ex[)ensive maclline. On the other hand, 
if the diameter were made very small, the length of the machine would 
necessarily be greater to carry the flux, and this again would waste active 
material and necessitate a large numljer of vents to kerf}) the machine 
cool. 

A coil with a given number of ampere turns surrounding a pole carry- 
ing a given flux will have its mean length round the pole least when the 
pole is round, since a circle is the figure which has least pcrijdicry for a 
given area enclosed. A round pole is therefore the most economical in 
copper, and is easily cooled. Nevertheless few alternators have round 
poles, as the diameter necessary to |x-rmit their use is generally too large 
for the speed, es[H;cially if the frequency is high. An armature coil cannot 
be made round, but the axial length of armature for minimum length of 
armature coil enclosing a given area or flux is about the .same as that for 
which round poles could be used. 

Great length of armature therefore leads to waste of copf)er, bad venti¬ 
lation, high inductance of the armature wimiing, and abnormal leakage'of 
flux from pole to pole, owing to the proximity of the poles and great length 
of iron exposed. , 

Slow-.speed alternators having a large number of poles .are made of 
large diameter and small length, whereas high-speed alternators such as 
turbo-alternators are limited in diameter, lowing to the centrifugal forces 
set up in the rotor, and this to such an extent that there is smail accommo¬ 
dation for the poles even though they arc few in number. Hence the ratio 
of diameter to length of an alternator depends largely on the sjwed. The 
ratio of axial length to pole-pitch does not vary very greatly, however, and 
the aim of the designer is to make it as high as possible without exceeding 
the limit of peripheral speed or adding too largely to the structure, so that 
the pole section may approximate to the ide.il circular section for economy 
of copper. The ratio ranges from i to 2 with slow-speed machines and 
2 to 3 with high-s|)ced turbo-alternators, the lower values being obtained in 
designs of low-frequency alternators whi( h have tew poles (except for two- 
pole generators, the design of which is quite sjiecial). ; ’ 

Output Coefficient—In designing an alternator to a given specifica¬ 
tion it is necessary to start with a tentative value of the diameter D and 
length / of the armature parallel to the shaft. If approximate values of 
D and / have been deduced from some previous design (not necessarily 
of the same output or speed), the designer would discover whether any 
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patterns in stack were of suitable dimensions for constructing the frame¬ 
work of the alternator. Even if the patterns would admit of slightly larger 
dimensions than absolutely necessary, it would probably pay to make a 
larger alternator rather .than incur the expense of new patterns. ExactlJ' 
how the diameter and length can be deduced from a previous design de- 
peilds on certain laws connecting the dimensionc with the K.V.A. output 
and speed of machines. •' 

Fig. 25 shows a two-pole alternator developed in a straight line, the 
circumference at the air-gap being x D centimetres and the length I centi¬ 
metres in a direction perpendicular to the paper. Obviously if we extended 



irp.to include two other 
poles, as shown by the 
dotted lines, the output 
would be doubled, a.ssum- 
ing the length I and peri¬ 
pheral speed V have re- 


Kig, as 


mained the same. Thus 


the output is proportional 
to ttD. and this is irrespective of whether the poles are increased or not; 
for- if we now reduce the alternator to the original size, but retain four 
poles instead of two, the original output is obtained (fig. 26). 

This is seen by taking account of the various quantities which inflacnce 
the output. Let the output of the four poles in fig. 25 be E I oc S 1 /N, 
where S I = armature ampere turns per phase,/ = frequency, and N = flux 
per pole. In the font poles in fig. 26 we find only half the’ space for the 
armature ampere turns (the slot depth being the .same), half the flux per 
pole, since the poles are half the size, and double the frequency, since the 
peripheral speed is the same. The output is 
therefore cc iSIX2/xiN = ^SI/N, or 
reduced to half. 

Again, the output is oc to /, for any increase 
of I permits a proportionate increase of N, and 
consequent increase of the output. Lastly, if 
fig. »o the peripheral speed is increa.sed the frequency 

/ is increased, in proportion, and therefore the 
output. So that the output is proportional to all three quantities, and 
is therefore proportional to their product, i.e. 



Output in K.V.A. oc D/t-, 

but V = D X r.p.m. 
Output in K.V.A. ,, 
r.p.m. ’ 

= ^DV, 


where ^ is a constant called the output coefficient. The greater ^ is, the 
larger the output which can be obtained from given dimensions. 

From this it would appear a simple matter to deduce the main dimen¬ 
sions of any alternator, of which the output and revolutions are given, from 
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one already designed. But this is not the case, since certain ^nsiderations 
which have not been taken into account cause (.to be anything but 
constant. 

• One of the most important considerations, apart from the question of 
heating, which we shall take up later, is that we have a.ssumed the alter¬ 
nator developed in a straight line instead of being circular. If the two-pole 
alternator shown in fig. 25 is made circular, as-jn fig. 27, with the same 
periphery as before, we find that the space for the poles and field winding 
is far too small, and the diameter will have to be considerably increased to 
get them in at all, that is to say, larger dimen.sions are required for the same 
output and revolutions, so that the value of ^ is necessarily lower. This is 
characteristic of all alternators having few polfcs, such as turbo-alternators. 
Two-pole turbo-alternators are sometimes used, but their design is very 
uneconomical on account of the low output coefficient and great weight 
of iron in the armature core. The same section of core is required as for 
the straight armature core, but the total length round the poles is greater. 
Four-pole alternators suffer from the same defects, 
but not quite so much, as they more nearly approach 
the straight type. Multipolar alternators of large 
diameter approximate fairly closely to the straight 
type, and therefore have a large and more constant 
output coefficient. In fact, with a con.stant pole-pitch 
the greater U is the better the value of for the 
conditions are always more nearly approaching those 
of the straightened-out alternator. But even if the 
number of poles is constant, and the pole-pitch there¬ 
fore variable, the value of f is still greater with greater 
diameter, for the distance r (fig. 25) from the root of the poles to the top 
of the slots increa.scs with the di.''.metcr under these circumstance.s, and 
the greater r is the more the ainjicre turns which can be placed in the 
slots and on the poles and the greater the output in proportion. It would 
perhaps be better to .say that r must necessarily decrease with decrease 
of diameter, otherwise the depth of the slots and radial length of the poles 
would become too great in comparison with the fK)le-pitch for economical 
design. The effect will be seen by comparing the four poles of fig. 26 
with those of fig. 25, r being the same in b<jth cases. In fig. 26 the 
poles are close together and long, and the slots deep. 

An alternator of low [jcriodicity and of medium or slow speed has an 
advantage over one of high [icriodicit)’ in this res|>cct. For example, a 
25-cycle alternator has half the numl)er of fwles of a 50-cyclc alternator 
of the same speed. If the rliamcter and length are the same for both, the 
possible output of the 25-cycle alternator will be greater than that of the 
50-cycle one (provided it can be kept cool), for the pole-pitch is greater and 
r may therefore be greater in proportion. Alternators of low periodicity 
have therefore a greater output c(>efficient than high-ireriod ones of the same 
output and speed, except where the numljer of poles is abnormally low. 
It does not follow that the low-fieriod machine is the cheaper of the two, 
for the flux per pole is greater, there being fewer and larger poles, and the 
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section of armature core and magnet yoke must be correspondingly heavier 
to carry the larger flux. In fact, 2S-cycle generators are, as a rule, more 
expensive than 50-cycle ones of the same output and speed. 

The assumption ha? been made that the number of ampere turns oh 
the field and armature can be made proportional to the space available for 
them. This is true if the current density in the windings is constant, 
which, however, is not the case, since a large coil must work at a lower 
current density than a small one unless extra precautions are used to keep 
it cool. The space occupied by insulation has also not been taken account 
of, and as this is considerable in high-tension machines the value of ^ must 
be lower on this account. 

It will be evident that the value of the output coefficient depends on 
a number of factors all of which vary, and though it would be possible 

fc 

X IO-‘ 



Fi(. at 


to deduce the effect of these in each case, it is customary to plot a 
curve of ^ as a function of the output, the values being obtained from 
a number of previous designs of alternators. Such curves are shown in 
fig. 28. 

These curves can only be taken as approximate for a preliminary rough 
calculation of the dimensions, and many cases arise in which the output 
coefficient will be quite different from the average value given by the 
curves, owing to some factor in the specification. The usual method of 
fixing the, main dimensions is as follows. The value of D'/ is obtained 
from the formula 


where D 


DV 

f X r.p.m. 

diameter of armature in centimetres. 


I = length of armature in centimetres, 
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The value of D is then obtained from the foripula ^ 

- = peripheral speed in metres (jer second. 


n = revolutions per second. 


The usual values of lli^ peripheral sjxied are as follows;— 

Output in K.V.A. IVnpher.ll hjrceS in nielres pet secontl. 

Slow ami medium 

si'ecds. TuiIk) sireeda. 

0-100 ... ... 20-24 ■ ■■■ ~ 

100-500 ... ... 24-28 ^ , ... — 

500-1000 ... ... 28-32 . ... 60-70 

Above 1000 ... . ... 32-40 .. ... 70-90 

> 


Once D and D*/ are fi.ved, the value of I may be found. 

The output of an alternator is [generally limited by either regulation 


of voltage or ri.se of temperature. If too much output is 
demanded of it, either the drop of volt.age will be greater 
than can be compensated for by field regulation or the 
temperature greater than the insulation of the windings 
can withstand for a prolonged period. 

Trhe ’temperature should never be allowed to exceed 
80' C., otherwise the insulation will gradually char and 
deteriorate. Usually the rise of temperature is specified 
not to exceed 40° C. above the surrounding air after con¬ 
tinuous running. In hot clim.ites a hiwer rise ot tempera¬ 
ture may be specified if there is danger of the ultimate 
temperature being excessive. .At high 
altitudes it is found that machines operate 
with a higher temperature-rise th.in at 
sea-level. This is due to the r.arity o( the 
atmosphere whereby less heat is carried 
away by the cooling air. Roughly the 
temperature-rise will be alxiut per 
cent greater for every 1000 feel above 
sea-level. 

Alternators rated to rise 40° C. after 




continuous running can generally be run 
for two hours at 25 per cent overload 
without danger of overhe.iting. With 


3ooo‘Kil«2«v4tt ‘I'urbo* ^u-jreKilotmti Slow- 
iiltcfuatur, Coulitii; Sur- AllernaioTt 

face, j 6 oo Square I>eci- Coolu.g Surface, >500 
metrex Square Uccitnetrea 


slow-speed and medium-speed alternators n 

the surrounding air has easy access to the 

windings and vcntilating-ducts, and there is little difficulty irf keeping 
the temperature-rise within the limit before trouble occurs due to bad 
regulation. On the other hand, with high-speed turbo-alternators extra 
precautions must be taken to thoroughly cool the rotor and stator, other¬ 
wise the output would be limited by overheating long before bad regulation 
occurred. This is because the turbo-alternator is so much smaller ^size 
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for its output^han a slow-speed machine. The steady temperature a body 
will attain above atmosphere is proportiorfal to 
heat produced in body 
. cooling surface of body’ 

The heat is produced in this case by the copper and iron losses in the 
active material. These Josses, though differently distributed, are approxi¬ 
mately the same taken as a whole for a turbo-alternator and slow-speed 
alternator of the same output. The turbo-alternator, however, being much 
smaller, has fair less cooling surface. An idea of the relative sizes of a slow- 



speed and turbo-alternator of the same output may be obtained from 
fig. 29, which shows the outlines of two alternators of 3000 kilowatt 
output. 

In order to keep down the temperature-rise in turbo-alternators the 
ventilation system has to be made highly efficient by guiding a strong air- 
blast through a large number of ventilating-ducts in the rotor and stator. 
The cool air passes first to the rotor, as owing to the cramped space in 
which it works it requires more cooling than the stator. In fig. 30 the 
cooling arrangements adopted by the British Thomson-Houston Company 
for turbo-alternators are shown. Air is drawn in from below the alternator 
by the suction produced by the rotor revolving at high speed. After pass¬ 
ing through the rotor and stator the air enters an annular space round the 
stator core, from which there is an outlet at the top into the engine-room 
or an alternative one at the bottom to the outside, which is used when 
the heated air is not desired in the engine-room, the top outlet being 
closed. 
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The air is not allowed to pass the bearings, so that it sannot become 
charged with oil vapour, which has a very detfimental effect upon 
insulation. 

• U is always advisable to have the air filtered .in some way, so that it 
is freed from dust particles, which would otherwise collect on the windings 
and produce choking of the air-ducts, surface leakage, and probable break¬ 
down. The air-filter shown in fig. 30 consists of a number of bo.\eS each 
containing a broad strip of cloth wound in a zigzag fashion so as to form 
deep corrugations and afford plenty of surface for the air to pass through. 
The boxes are removable for cleaning purposes.. 

In case of fire occurring in the filter, .^nd reaching the alternator, 
a damper is provided between the filter and the alternator for cutting off 
the air-supply. The daini)er is weighted so as to remain open, but on 
emergency it can be closeii by pulling up a hantlle attacfied to a chain 
which passes through the floor near the alternator. 

Another way of filtering the air, which is coming into use, is to pass it 
through fine sprays of water which catch all the dust particle.s. Danger of 
fire in this ca.se does not exist. 


CHAPTER VI 


ANALYSI.S OF A MEDIUM-.SI'EEI) ALTERNATOR DESIGN 


De.sign of 250 K.V.A. medium-sfxjcd alternator made by the Electric 
Construction Company. 

Specification .— 

Output = 250 K.V.A. three-phase (star-connected). 

Speed = 42S revolutions per minute. 

Frequency = 50 cycles per second. 

Voltage = 6600 between terminals (= 3810 to star). 
K.xciter: direct-coiqiled, voltage = 75. 


The current per phase will be 
K.V.A >^KXJO 

Number of |)oles = 
Main Dimensions .— 


2500(XJ 
V t X 6600 


22 amperes. 


120 x/ 120 X 50 
R ~l28 


Armature; Internal diameter (D) = 49 inches or 125 cms. 

External diameter * 05 inches or 165 cms. 

Length parallel to shaft 'l'\ = 10 inches or 25.4 eras. 

Number of vents ~ 2 — | inch wide or 1.27 cm*. 

18 


TOL L 



*4* 
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This gives aiv output coefficient of 

K.V.A. 

^ ly^ln y. 6o 


250 


[25 X 125 X 25.4 X 438 


1.47 X IO-‘. 


Peripheral speed = = 28 metres per second 


Pole pitch T at air-g^ip = 28 centimetres. 

2;.a 

0.91. 


Ratio - = 

T 28 


Net length of iron in fore 

= (10 inches — 2 x.i inch; x 0.9 = 8.1 •inches = 20.6 cms. 


The factor 0.9 is introduced to allow for insulation between stampings. 

Armatur^ Winding and Slots.—A rapid aiiproximation to the number 
of conductors in the armature is rjbtaincd from the usual number of 
“ampere wires” per centimetre of armature jicriphery. This varies accor¬ 
ding to the current density in the wires and the depth of the slots, and is 
of coursd greater in large alternators than small. The usual values are 


P’or alternators from too to 500 kilowatts, 120 to 150. 

., „ 500 to 1000 „ 150 to 200. 

„ „ 2000 kilowatts upwards, about 220. 

The current per phase is = 22 ami)eres. 

The number of conductors = 3024. 


.Ampere wires per centimetre of periphery = 


22 X 3024 X 7 

iTs X J2~ 


170. 


At least three slots per pole per phase should be used if possible, 
though sometimes two are used where there is a large number of poles 
and kpace is cram|x:d. In this ca.se there are 126 slots, and .so the slrjts 

I "*6 

per pole per phase are = —“ = 3. I'.ach slot is 1.9 inches x 0.52 

3024 ^ 

inch, and contains = 2,3 conductors of 0.104 inch d.c.c. 

The slots are insulated with micanite tube J inch .thick, and 20 milli¬ 
metres of pairer are jilaced lietween the two havers. 

An approximation to the size of conductors and slot to contain them 
can be roughed out from the usual current densities used, which average 
the following values:— 

Current rn An.i«rcs. 

Up to 25 ... ... ... ... 2800-2000 


25 to 150 
150 to 300 


The size of conductor is then = 


2000-1800 

1800-1600. 


current per conductor 
current density 


square inches. 


The size and number of conductors being known, a slot can be provisionally 
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dimensioned to contain them with the necessjarj' insulation.* In this ca.sc 
the current density works out at • 

2600 amperes per square inch. 

. A detailed drawing of the slot 
is shown in fig. 31. The micanite 
tube is required for the hjgh volt¬ 
age at which the alternator works. 

The total armature reaction per 
pole is expressed in terms of the 
R.M.S. armature current per phase 
and the turns per pole [jcr phase. 

The magnetomotive force of the 
armature is not the same through¬ 
out a [jole pitch, but is greatest ;it 
greatest number of armature ampere 
netomotive force for the instant 
the currents in each phase are as 
shown in fig. 23, is represented in 
fig. 32 by the full-line curve. In 
an actual alternator the conductors 
of each phase coil are spread over 
a numlrei^of slots, so that the curve 
is not so abrupt, but approaches 
more to the sine curve shown 
dotted. 

The maximum magnetomotive 
force at the instant shown is due 
to the maximum current in one 
phase and half this current in 

other two. If is the turns per /c/c per phase and I the 
then the magnet(jmotivc force is 


the point, which is eittlosed by the 
turns. The distribution of mag- 

ARMATUFIE CORF. 


® ( 4 ) 




0 _a 


I'ij. 31 


K.M..S. current, 


(*/2 1 




) = 2 */2 I .S^. 


With the distribution of current in the phases shown in fig. 24 it would 
be = >/2 I = 1.73 \/2 I S^. Thus it varies slightly as it moves 


round .synchronously with the poles, and on the average is about 
1.86 s/i I S/. 1 he effective ;irmatur(,‘ reaction must be considerably le.ss 

than the maximum. If we suppose it to act in direct opptFsition to the 
field pole, which would be the case when the current is lagging by 90”, 
the eflfect on the field would lx; less the greater the spread of the pole 
over the pole pitch, due to the falling ofif of the armature magnetomotive 
force to either side of the centre. As the ratio of fxjle arc. to pole pitch 
does not vary much in different designs, wt may in general take the 
effective armature reaction to be 1.5 */2 I S^. The total armature reaction 
will therefore be 1.5 s/i x 22 x 36 = 1680 atnpere turns (ler pole. 
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Calculation of Flux per Pole.- 

Number of turns per phase 


3024 

2x3 


S04- 


1 6600 o 

Phase voltage = —^ = 3810. 

Therefore E = 3810 = 4.44 S/N x tO‘*. 

Due to the winding being spread over several slots, the E.M.F. induced by 
a given flux Is slightly less than if the windings were concentrated in one 
slot. A factor called the breadth factor has to ,be introduced to allow for 
this, and has values as follows:— 

Thrce-DlAsef-'’''’*'^ 

^"r®®-P'"*'’‘^\I!readth factor 

Two-plia.se or single-phase,] 

with 50 per cent of-Breadth factor 
slots unwound J 

The factor we must take is obviously 0.96. 

E = 4.44 X 0.96 S/N X 10- 


2- I 

= I 

* 3 

0.966 0.96 

4 

0.958 

I 

0.924 0.91 

0.906 


and N = 


3810 X 10® 

4.44 X 0.96 X 504 x'sb 


= 3.54 X lO". 


The flux passing out of each pole is greater than that entering the 
jtrmature, due to leakage of lines from pole to pole. The ratio of field 
flux to armature flux is called the leakage factor, and may be calculated 
approximately from the reluctance of air-paths between the poles. We 
'shall assume a value of 1.2 as being a fair average for this type of 
alternator. The field flux would then be 

3.54 X 1.2 X 10® = 4.24 megalines. 

We should now fix trial values of the dimensions of the poles and depth 
of armature core, so as not to bversqturate the poles or produce too high 
a flux density in the armature core. The poles are pi inches x 4J inches 
in cross-section (see fig. 33), and built up of laminated iron sheet riveted 
together. The area for the flu.x is therefore 

9j X 4J X 6.45 X 0.95 = 277 square centimetres. 

The factor 0.95 is introduced to allow for insulation between the lamina¬ 
tions. The flux density in the pole is therefore 

4.24 X 10” 

“ 277 


= 15300 lines per cm.* 


which is about the limit compatible with economy of field copper. 

The armature core has an external diameter of 65 inches and length 
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parallel to the shaft of lo inches with two J-iuch vents. The cross-section 
of the core above the slots is therefore * 

65 — (40 4. 2 X I.Q) 

• •:- ;- - X 6.45 X (10 - 2 X J) X a9 = 317 sq. cms. 


The factor 0.9 is used herek instead of 0.95, to allow for insulation between 
stampings, as they are thinner (about 0.5 niillinirtre thick) than the'pole 
laminations. 

Since the flux divides into two paths on entering the arniature core, 
the flux density is 


3.54 X io“. 
2 X 317' 


5600 lines per sqn.ne centimetre. 


The limit of core density for 50 cycles is .iliout 8100, and’lor 25 cycles 
11000 lines [)er square centimetre. 

We must now predetermine the saturation curve of the alternator in 



order to find the amf)ere turns required on the field, and also the air-g_,. 
necessary to produce satisfactory regulation. W'e shall begin with a point 
at which the E.M.F. is normal, or 3810 volts jier phase, and the armature 
flux therefore 3.54 X to" lines. The dimensions of the magnetic circuit 
are given in fig. 33. 

1. Corf .—The flux density of the core is ^C>oo lines |)er cm.* The 
mean length of magnetic path per pole is 8 inches = 20.4 centimetres. 
The ampere turns per centimetre required are found from the magnetiza¬ 
tion curve for stampings in tig. 34 and = 1.6. The total ampere turns 
are therefore 

= 1.6 X 20.4 = 33. 

2. Teeth .—The dimensions of the teeth are given in fig. 31. The polar 
arc is 7 inches = 17.8 centimetres. To allow lor fringing of the lines at 
the horns of the pole we add on an air-gap length at each horn to the polar 
arc. In designing for the first time, an air-gap length would have to be 
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assumed, and corrected afterwards if necessary. The air-gap in this case 
is 0.22 inch = 0.56 centimetre. The virflial polar arc is therefore 


17.8 -f 2 X 0.56 = 19 centimetres. 

The number of teeth under the pcrle i.s therefore = = 6.1. 

• 3'i* 

The net lengtli of immature core is 20.6 centimetres. The width of 
tooth at the root, middle, and top is 2.03, 1.91, and 1.79 inches respectively. 


Ma.x«num B at tip of tootli 
Mean B at middle of tooth 
Minimum B at root of tooth 


3.54 X 10“ 

= 15700. 

1.79 X 20.6 X 6.! 

1.79 •' • 

= X 15700 = 

I.9I 

14700. 

1.79 

= X .5700 = 

14000. 


The ampere turns per centimetre in each case, as obtained from fig. 34, 
are t8, 13, and 8.5 respectively, the mean of which is 12.5 amjjere turns per 
centimetre. The total ampere turns for the teeth are therefore 

12.5 X 4.8 = 60. 


Were the teeth highly saturated a correction would have to be'm^de on 
account of the fact that a proportion of the (lu.x passes into the armature 

VAIUCS FOR UPPER PART OF CURVE 



Kig. 34 .—MagiictizAtion Curves of Cast Steel and Annealed Iron Sheet 


by way of the slots. This proportion becomes noticeable at about l 8 , 0 QC 
lines per square centimetre (ma.vimum), and is about 4 per cent at 22,000, 
being slightly more for wide slots and narrow teeth than for the reverse. 
Though the actual difiference between the apparent and real flux densities 
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may be small the elTfct upon the ampere turns Is conskleviblc, -and too 
high a value would be obtained without this correction. Such den.sities 
can only be used on low-periodicity machines, otherwise there would be 
considerable loss and heating in the region of the slots. 

3. /’a/c.—The flux density in the pi>le is 15,500. 

Amix-re turns»iK;r centimetre = ib, 

. Magnetic length of pole and pole-shoe - 7 inthes = 17.8 centimetres, 
Ampere turns for pole "= 16 x 17.8 = 285. 


4. Yoke .—The section of the )’oke is 

II inches x 3 inches = 33 square inches =* 213 srpiare centimetres. 

1 '6 X 10*^ 

15 in the voke is = lo.cxx) lines per .square centimetre. 

' 2 X 213 ' ' , 

The yoke is of cast steel, so the anqiere turns per centimetre from fig. 34 
are = 7. 

Length of yoke per pole — .}t inches = 11.5 ri-ntimetres. 
Ampere turns for yoke = 11.5 x 7 = 80. 


5. Air-xo/’. —The distribution of flux 
armatura is indicated in lig. 35. where 
i is t!ie tooth width, re the slot width, 
and Jf the gap. The tooth reseuililes .1 
pole facing a smooth armature core, ami 
in order to obtain the true flux density 
under the tooth-head an aildition will 
have to be made to f to allow t<ir fringing 
of the lines at the edges i>f the tooth. 
The .addition will be gre.iter the larger 
the air-gap but obviously cannot ex¬ 
ceed w altogether or f re on either siiUt. 
The virtual tooth wiilth will theieiore be 
/ 4- /’g, where k is .1 f.utor which will 


in the air-g.ap with a slotted 



t 'l! r. 


be the same for 


U’ * 

all similar r.itios of but will \ai v with in some w.ay 
-C ' .C 


which can be found exircriment.illy or by calculation. A curve shrrwing 
this variation is pIott(xl in (ig. 30. Where ;e is large compared with g- 
there is little interference between neighbouring teiflh, and the addition 
kg becomes nearly a constant times the g;ip ' 3,i,'. On the <ithcr hand. 


where — is small, k and become inure nearlv equal to one another, and 
the ca.se approaches that of a smooth core armature. The "addition 


becomes kg = Af 


w or i tv at either si.lc. 


In 
is = 


this c<a.se = 2.36 .end from the curve in fig. 36 

g 0.22 inch " 

1.54. Hence the virtual tooth width is / -f I. 54 ,?'. 
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The virtual breadth of gap parallel to the shaft is found in a similar 
way. The pol’e is gj, inches long, and there are two’ J-inch vents in the 



f'ij 37 

therefore, we add on hkg = o.75/,>-, and since there are six fringes the 
virtual breadth of the gap is 

8.'S + 6 X 0.75 X 0.22 = 9.49 inches = 24.1 centimetres. 

The ampere turns required for the g.'.p are then 

08 Na- ^ Qg .. 3-54 X io« X 0.56 

(f + flf:) X 6.1 X 24.1 ■ (1.79 + 1.54 X 0.56) X 6.1 X 24.1 

= 4100. 
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The ampere turns for a number of voltages arc tabulated in Table f, and 
from these the no-load saturation curve is plotted in .fig. 37. 

We may now proceed, to determine the regula- ^ 
tjon of the alternator. In fig. 38,. V is the terminal irvfes 
voltage per phase and I the armature current' 
lagging, so that the power-factor cos 0 =■ 0.8. 

The induced E.M.F. E is’ the vector sum of the 
terminal voltage V, and the E.M.F. I s consumed 
by the armature impedance per phase = a. The 
vector I« is composed of I ;r at right angles to- 1 , 
and Ir in phase with 1, x and r being the react¬ 
ance and resistance of the winding |)er phase. ’An 
estimate of the value of x may be made by cal¬ 
culation (see Hawkins and Wallis, The Dynamo), 
or it may be deduced from ex|>erimental deter¬ 
minations on other machines, h'or a machine with 
open slots, like this one, 1 x may lie assumed to 
be about 7 per cent, and 1 r 2 per cent of the 
terminal voltage per phase v. This makes the 
induced E.M.F. E about 5 [ler cent greater than V. 





T.\m.E 1.— Ami'kre Turns pkr I’oi.t. 



Flux )x*r Pole in 

Ami'eke Tukns i’kk Polk. 


E.M.F. per 
Phase. 

McCall 

ICS. 

Arnmiurc. 

Air Rap. 


• 


Arninturt*. 

I'olc. 

Coie. 

'IVoiIj. 

Pi.lc. 

Yoke. 

_ 

3810 


,,.z 5 


60 

100 

4«.5 

80 

4558 

4200 

o ‘> 

4-7 

.i 7 

140 

45 °° 

780 

90 

3647 

4380 

4.07 

4-9 

4 ' 

•-’,15 

47 °° 

1280 

11;: 

6368 

4570 

4-25 

5 < 

44 

. 15 ° 

4925 

f 

1S60 

12(1 

7305 


The value of E may be found by direct measurement or from the 
approximate formula 

E = V -t- I r- cos ^ + I a- sin (j>. 

Regulation.—The current 1 may be split into two components, one 
1 the cross-magnetizing component which attains its maximum value 
in the conductor under the centre of the pole, and the other lu, the demag¬ 
netizing component lagging behind the former by 90 electrical degrees. 
The latter acts in direct opposition to the main field, so as to weaken 
it, whilst the former shifts the main field bodily backwards, so that the 
centre of the field and position of E is behind the pole-centre by the 
angle a. For a power factor of 0.8 we may assume the angle o to be about 
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4 degrees. The demagnetizing component I„ i.s nojv found by measure¬ 
ment to be 0.71 I, so that, since the total armature reaction is 1680, the 
demagnetizing component is 0.71 x 1680 = 1200 ampere turns (fig. 38). 

Referring to the saturation curve at no load the voltage of the alter, 
nator is V = 3810 volfs per phase. .At full load the E.M.l'. required to 
be. induced is K = 5 per amt greater than V^or qocxi volts. The total 
ampere turns per pole required are those necessary to produce E plus 
the e.\tra amount required to balance the demagnetizing ampere turns of 
the armature. VVe therefore have to add on 1200 ampere turns, giving 
altogether 63.50 ampere turns required to maintain the voltage at 3810 
volts at full load. If .full* load is suddenly switched off, the voltage will 
rise to E, = 4400 volts, a Vise of 16 per cent jfbofe normal. 

Allowance has not been made here for the fact that the pole carries 
a slightly greater flux than corresponds to 4000 volts, for the leakage 
lines are produced by the total ampere turns, and will therefore be greater 
than allowed for. 1 lencc slightly more than 6350 ampere turns will be 
required at full load to allow firr the greater flux density in the poles 
and yoke, and the rise of voltage slightly more than 16 per cent. 

On te.st, the alternator reciuired 4750 ampere turns at no load and 6750 
at full load, and the voltage rise w.is found to be 16.I per cent. The fall 
of voltage on switching on full-load current when the alternator i.s working 
at no load with a voltage = V is found by exactly the reversif puocess 
to be Ej = 2700 volts or a fall of 29 per cent. 

Calculation of the Field Winding.—I'or this purpose an approxi¬ 
mate value of the mean length /„ (centimetres) of the winding per pole 
would have to be assumed in tin; first pl.u.c, and corrected afterwards if 
ntcessary. We shall take the correct length, however, which is given us 
as 83 centimetres. 


The voltage across each |)ole is 


75 

14 


5.35 VolU. 


Let I, = fielil current ;it full load, 

.9 = turns per field coil, 

It = sei'tion of wire usefi in scpiare centimetres, 
p = 2 X 10"''(^specific resistance of hot copper). 


Resistance fx;r coil is then 
r 

Voltage [Ktr c(m 1 


^m 

= P-- . 

= = 5.35. 

5-35 

_ 6350 X ^ X 2 X 10"'^ 

f35'\ “ 

= 0.2 square centimetre 
= 0.031 .square inch. 


Wire 0.18 inch square has a section of 0.032 .square inch, but to allow 
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for overload and greater field current required 0.19 inch sqjiare d.c.c. wire 
has been used, the current being regulated by a regulating resistance in the 
field circuit. 

• The nhinber ot turns s, is settled by the (luestion of temperature ri.se 
permissible \^or the efficiency if a high one is sja'chhed). The ain|jere turns 
for a given voltage ix:r cqil and section of wire vary inversely as and, as 
^this does not vary much with x, they may he tal;en as almo.st con.stant fur 
a wide range of i,. In this case i.|.j turns per coil have been wound and 
arranged 6‘x 24. 

The resistance r is therefore 


= 2 X 10- 


„ '44 X 1^.1 


<1 = 0.030 square inch = 0.23 sipiare centimetre, 

'44 X .S3 , * . 

. . r - 2 X 10 ■' X ^ — ■’ -■ 0.104 ohm. 

0.23 ^ 

I <'.510 

1 ,. = ■ ■ 44 ampere’s. 


The watts lost per coil 

= “ i.l-l ' X 0.10.) ’ 2isi w.itts. 

rhe*cooling-siir^ce of the coil is ahout iSio square lentimiUres. The 
temperature-rise is not onl)’ a fuiu ti.ai ol the walls lost per unit area, hut 
also of the peripheral speed, since a greali’r spei-d produces a greater wind¬ 
age and Cooling ellect. I'lom tests the (ollowing empiric.d iormula has 
been devisetl: - 

W . . . • 

Temirerature-rise C' = K , . where K is a coefficient vary- 

' .\ (I - O. IT')., , •' 

mg Irom 7 to ic), 

W ~ walls lost per circiiil, • 

A cooling surface per pole in square deciiTvitrcs, 

;■ perijiheral sp.:ed of rotor in metn-s per .second. 

We shall tahe K to he n. -irice the cooling is not so favourable as for 
strip copper wound on hut not iint.^vonrahle otherwise since the poles 

are not crowded. 


Rise of lenqii raluri; (" 


fl -t- 0,1 X ?. H ) 


30'c. == 54 r. 


Temperature Rise of Armature Core. 1 he rise of teinperaiurc is 
proportional to the watts lost )« r square decimetre of cooling surface, or 

watts lost 

~ ^ area of cording surface in square ilecimetres’ 


where K varie.s from 2 to 2.3. Iri this ca’c we may take the lower value, as 
the conditions for cooling are favourable. 

The watts lost include the iron losses in the core and teetli and the 
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copper losses ip the slots. The cooling surface is the .whole outside surface 
of the core, including, the surface exposed an the air-gap, and, ip addition, 
half the expo.sed surface in the vents. Only half the surface is taken, 
because it is confined and not so efficient in cooling effect as the remainder/ 
The loss per kilogram of iron in the core and teeth is given for various 
flux densities and frequencies in the curves in fig^sp. At full load the flux 



densitiw are 5 per cent greater than at no load, since the induced E.M.F. 
is S per cent greater, so that the flux density in the core is i;6oo x 

too 

■= 5900 lines per cm.’“ The loss per kilogram from the curves is 3.8 watts. 
The weight of the core is ^ 

Area of core in sq. cnis. x mean Circumference x 7.8 . .. 

^ -kilograms. 

/6s -I- 52.8 \ 

«= 3'7 X - —) x 2.54 X 0.0078 = 1180 kilograms. 

Total core loss == 1180 X 3.8 = 4500 watts. 

In the same way for the teeth— 

Mean flux density = 14700 x = 15500 lines per cm.> 

Loss per kilogram is = 26 watts. 

Weight of teeth 

= 126 X 8.1 x 7.5 X 1.9 X (2.S4)» X 0.0078 = 190 kilograms. 

Total loss in teeth = igo x 26 = 5000 watts. 
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The watts lost in the armature windings 

■ = (armature current)* x resistance per phase x 3. 

Abotit 20 to 50 per cent more than this value is taken for polyphase alter- 
nators, due to extra losses incurred by eddy currents in the windings. In 
this case the conductors Sre small and all in series, so we shall take (he 
lower' figure. • 

The length of wire in the slot is 10 inches. The pole-pitch t = 11 
inches. The mean length of an armature turn is 

2(10 -h 2t) = 2(10 2 X 11) = 64 inches <= 162 centimetres. 


Resistance per phase (hot) 


2 X 10- 


162 X 50.( 

X (10.4)* X 6.45 


Total loss = (22)* X 3 X 3 X 


The loss in the slots only will be 
20 


64 


X 5200 = 1630 watts. 


3 ohmf. . 
5200 watts. 


The total core losses are 

= 4500-t- 5000-1- 1630 = 11130 watts. 


The cooling-surface of the core is 

= t (49 + f> 5 ) X 9 -f ^( 95 * - 4 <f) X 4 

= 3220 -h 5740 = (jOOO square inche.s 
= 580 square decimetres. 


The temperature rise is tiierefore 

11130 
— 2 X . 

580 


38 ",C. = 68" K. 


On test the maximum rise at any frart of the alternator was found to be 
60° F. by thermometer. 

Efficiency.—The friction and witxlage losses may be assumed to be 
about 2 [rer cent of the output in kilowatts. The K.V.A. output is 250, so 
that at 0.8 power factor the output is 200 kilowatts. The friction and 
windage losses are therefore 

^ X 200 X 10* = 4000 watts, 
too 

' The exciter volts = 75, and amperes = 44. 


The power required for excitation of the field is therefore 
75 X 44 = 3 300 watts. 
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Assuming an^exciter efficiency of 8o per cent, the total power required for 
field excitation, including exciter losses, • 


- ^ lOo 

” '• .So 

The total losses are now 

Core loss 
• Tooth l(jss 
Armature cop[x:r loss 
f ield loss 
Frittion and windatrc 
I'otal 


Efficiency = 


output 

output + losses 


= 4125, say 4200, watts. 


45CX)« 

5000 , 

5200 

4200 

4000 

22900 watts 
22.9 kifowatts. 

200 

= 90 per cent. 


200 + 22.9 


Single-phase Design.— Ihe design of a single-phase alternator differs 
but slightly from that of a i)olypha,se. It is usual to have the armature 
completely slotted, so that the same slotting machine will do for either single 
or polyphase. The coil sides only occupy from a half to three-quarters 
of the slots per i>ole, as no ai)preciable advantage is gained by filling up 
the remainder, the spread of the coil being too great for the additional 
conductors to be effective. In consetiucnce of this the output of 11 single- 
phase alternator is some 20 to 30 per cent less than that of a polyphase 
alternator of the same dimensions. 

The armature reacts on the poles when the machine is loaded, just as 
in a polypha.se alternator, but the reaction pulsates between zero and a 
nwximum value in unison with the current as the poles rotate, and is thus 
much more variable than that of a polyphase armature in which it is com¬ 
paratively steady. In order to damp out the \'ariatious which would be 
f)roduced in the flu.x, “amortisseur”, or damping-coil.s, consisting of bars of 
copper inserted axially through the pole-tips .and short-circuited on each 
other at the ends, are fitt(;d much in the same way .as the bars in a squirrel- 
cage rotor of an induction motor. Any change of flux in the poles .sets up 
a current in these coils which tends to oppose the ch.aiige, so that whilst 
the average effect of the .armatufe reaction .acts on the field, violent pulsa¬ 
tions arc prevented. For single phase the formula for armature reaction 
on p. 243 becomes 0.5 2 S, 1„. 


CHATTER \TI 

TU KliOALTEKN.Xn )RS 

Turbo-alternators have displaced entirely the large slow-speed alter¬ 
nator where steam power is used, owing to the much greater economy in 
space, both of the steam-turbine and turbo-alternator. In fact, the large 
slow-speed alternator is now only used in conjunction with large gas- 
engines, the gas-turbine so far not being a commercial succe.ss. 
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The usutri speeds of turbo•alternators have already 1 >^ 
p. 231. Not only h the speed in revolutions much high^' than that 
the reciprocating engine, but the peripheral sptSed of the rotor is greater 
also than that of the jslower-speed alternator coupled to a reciprocating 
engine. This is possible owing to the small diameter of the rotor, which 
enables it to be constructed in a much more rigid manner, and also to the 
use Of the highest-grade materials. Peripheral.speeds up to 18,000 feet 
per minute are considered safe, but at such speeds special precautions haw 
to be taken to hold in the field windings, for the centrifugal 'forces set Up 
are very greit and may be over a ton for every pound of material at the 
periphery. ’ ^ 

The output coefficient of a turbo-alternator is lower than that of a 
slow-speed onoi largely due to the cramped space in which the rotor must 
work. It ba# been explained on p. 237 that where the poles are few in ■ 
number the large angle by which they are inclined to one another caus^ 
a considerable reduction in the field-winding space, and consequently in 
the output for a given value of D*/. To obtain the required output either 
the diameter D may be increased, giving more room for the field, or 
the axial length I, which increases the area of pole-face and permissible 
flux N, and therefore admits of fewer ampere turns on the field and arma¬ 
ture, since SIN is constant for a given alternator (see p. 23d). In a 
turbo-alternator the diameter is limited by the peripheral speed; and the 
output if large can only be obtained by increasing the axial length all out 
of proportion to the diameter. This makes the design wasteful' in copper, 
since the poles are far from having the ideal circular section, ventilation is 
giore difficult, and more material is required to preserve the rigidity of the 
rotor and stator. In many cases a lower speed with more poles would 
actually give a more economical design of turbo - alternator, but the 
•efficiency and cost of the steam-turbine would suffer so much that as a 
whol^ the higher speed is better. For this reason two-pole 50-cycle alter¬ 
nators, running at 3000 revolutions per minute, are often used up to outputs 
of 5000 K.V.A. in spite of the cost of the alternator, since the next possible 
speed is 1500 revolutions per minute or just one-halt. 

Rotors may have definite p^lcs, like those of slow-speed alternators, in 
which case they are called “ salient ” ,pdle type, or they, may consist of a 
cylinder with, the field winding placed in slots grouped at certain parts qf 
the surface, so as to form poles between these parts. Such rotors are 
termed “non-salient" or smooth type. In the earlier turbo-alternators 
definite pole rotors were exclusively used, following the general practice 
with slow-speed alternators. For large outputs, however, the non-salient 
type has a distinct advantage in the matter of space economy, and it has 
almost entirely displaced the salient type. An example of a modem 
sidient-pole type of rotor is illustrated in fig. 40, which shows a 6250- 
K.V.A- four-pole turbo-alternator, constructed by Dipk, l^er, & Co. TT(e 
poles are forged solid with the hub, making a very strong cpnstructk>n, 
and the field winding is held in against centrifugal force V-shaped 
clamps between the poles. 

In the non-salient pole rotor the field winding is better situated tlum |n. 







TU R BO-ALTERNATORS 


*59 


the salient type, being at the surl'ace, and si> reducing the leakage flux and 
giving the, maximum room for the iron of tlie (xileC-core and also for the 
copper. _ln the salient type the field winding space encroaches too much 
■ up<m the space for the iron, and a large amount of space is wasted by the 
holding-in device. The field winding being distributed in the smooth core 
rotor, more surface is exposed for cooling, and the smoothness of the 
.core produces silent runniflg. The magnetoim>tivc force is greatest at 
the pole-centre, and tajaers oft' at either side, thus giving a flux-distribution 
approaching a sine law. Due to the distribution of the winding and the 
smix)th symmetrical surface all round the rotor the displacement of the 
flux from the pole-centre on load does not^pro<ruce undue distortion of 
the flux wave with con-secpient peak in the li.M.F. wave. 

The slots in the rotor may be totally enclosed, or o|)en with steel 
wedges bridging the o|x;ning to luJd in the winding. In siflne cases bronze 
wedges are u.sed to reduce the leakage flux, but this destroys the continuity 
of the flux-distribution curve and introduces harmonics into the K.M.F. 
wave. This may Ik; overcome by skewing the s.lots so that they are not 
parallel to the axis of the shaft, and no rotor slot can at any time be 
completely opposite a stator slot. .X non - salient - pole rotor h?tlf com¬ 
plete is shown in fig. 41. The rotor has only two poles, one at the top 
and tlje other at the bottom, in the position shown, and is part of ^ 
-50c K.V..'\. 25-cycle alternator running at 1500 revolutions per minuta 
manufactured by the British Thomson -1 louston Company. The hub aryS 
shaft are in one piece, and the core consists of groups of steel lariUna- 
tions separated by distance-pieces so as to form a large numlH;r of vents. 
The field winding is placed in slots and held in against centrifugal fqr«' 
by long metal wedges. The first two or three slots on either side of the 
pole-centre are wedged with steel, the remainder being wedged with bronze 
to keep down leakage flux. The same rotor completed is shown in fig. 42. 
The end connections of the windings are held against centrifugal force by 
steel end-cups screwed on to the hub. The part of the cups next the core 
and for about 4 inches aw.iy from it, is made of bronze to prevent leakage. 
The cups completely cover the end connections, and fans arc attached at 
both ends for ventilating the end connections of the stator. 

The end view of a 4-pole cylindrical rotor for a kilowatt 

25-cycle alternator running at 750 revolutions (jcr minute, and constructed 
by Messrs. Farsons & Co., is shown in fig. 43. The axial length over the 
pole-face is 7 feet Of inches, and the diameter 6 feet 7 inches. The core is 
made of 32 boiler-plate steel discs separated by vcntilating-ducts mounted 
on a hub or spider, which is forged in one piece with the shaft, and machined 
out so as to form the axial air-passages. Bronze keys hold the windings 
against centrifugal force, and the slots are skewed to eliminate harmonics 
in the E.M.F. wave. ... 

rotor in process of being wound is shown in fig. 44- which a section 
of the winding-department of Messrs, the British Westinghousc Company 
is illustrated. 

Balance.—.\ turbo-alternator may give trouble by the whipping of the 
rotor if it is not perfectly balanced. Any rotor will start to whip at a 
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certain speed—talletl tile “critical ” speed—at which the natural frequency 
of transverse vibration' of tlic rotor considered as a Ircam is equal to the 
number of revolutions in the same time. The slifjhtest want of balance is 
.sufficient fo produce whi|njin^ at this speed, and the longer and more fle.xible ' 
the rotor the lower the s|)eed at which it will occur. Rotors for alternators 
of large output are therefore often made of solic^steel throughout, so that 
their sfiffness may ensure'the critical speed b^ing above the normal. In ^ 
this ca.se the slots must be milled out of the solid. Hut even with this 
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construction, accoriling to Hehn-E.schenburg, it is not possible to make an 
alternator of greater output than 5700 K.V.A. at 3000 revolutions |>er 
minute, or 19,000 K.V.A. at 1500 revolutions per minute, without the rotor 
being so long that the critical sireed is attained or exceeded at normal 
speed. It is however possible to work either above or below the critical 
speed without fear of vibration, and some makers design the rotor so that 
the critical speed is below the normal, and provide special means for pre¬ 
venting any whipping which might occur in running up to s[)ecd or stopping 
down. This is usually done by allowing the bearing at one end some 
lateral play all round, so that the rotor can revolve round its true centre 
of mass. 

It is essential that a rotor be properl)- balanced before being put on 
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duty. .Static balance i.s obtained by su|)|)oitin^ the two ends of the shaft 
on horizontal runners or knife-edges, and either adding weights or drilling 
out metal at suitable places until the rotor shows no tendency to roll one 
way or the other whatever its position. Static balance does not ensure 
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‘‘dynamic” balance, or balance il’nderrunmng conditions, unless the niateria] 
is evenly distributed along the rotor. For example, the cranks o/ a bicycle 
are in static balance, but when rotated fast set up a considerable wobble. 
Further, the centrifugal fbrces set up on rotation often cause a slight move¬ 
ment of the end-connections of the windings which disturbs the balance. To 
prevent this as far as [wssible, the rotor is temjjorarily completed and run 
at a moderate s|)ced in orcfer to let the winding pack itself.together. The 
end bells holding in the windings are then taken off and the. final covering- 
of tape passe4 round.the end connections. 

Dynamic out-of-balance, is observed by. mounting the rotor in a couple 
of bearings each of \yhich is amounted on a ball »ace at right angles to the 
shaft, and is free to oscillate horizontally between two stop-blocks. The 
movement of thj bearing is Controlled by springs or'rubber cushions between 
the bearing and the stop-blocks to prevent shock. The drive is either by 
a vertical belt or flexible shaft. If the rotor is unbalanced it will oscillate 
horizontally, and a piece of chalk or pencil brought up to the shaft will 
mark the side of the rotor to which weight must be added. The pro()er 
point is .just where the pencil leaves off marking the shaft. If necessary, 
one end at a time may be balanced by fi.xing one of the bearings so as 
to prevent it from oscillating. 

The stator of a turbo-alternator is designed on much the same lines as 
that of a slow'-siwed alternator, the chief difference being its extreme length 
in comparison with its diameter, and the large number of ventilating-spaces 
required for cooling. The frame is so constructed as to guide the cooling 
air systematically through the rotor and stator. In the stator shown in 
fi^. 40 the direction of the cooling air is shown by arrows. 

The cross-section of a 25,000-kilowatt alternator, built by Parsons & Co., 
ij shown in fig. 45. The cast-iron casing is made in four sections. Two 
.sections bolted rigidly together form the bottom and two the top half, and 
the corf; is divided along the horizontal centre line so that the top half may 
be lifted off. The winding is of the tyjie shown in fig. 16, and two of the 
phases cross the magnetic joint between the top and bottom halves. In the 
case of the coils of tho.sc pha.ses which bridge the joint, each conductor is 
provided with a separate bolted^joint so that the top half of the winding 
can be easily separated from the bottom. The core is-built of stampings 
arranged in forty-four groups with a ventilating-space adjacent to each, 
and is 92 inches in length. 

It is very essential that the end connections of stator windings in turbo¬ 
alternators be strongly clamijed, to prevent their being displaced by the 
stresses set up by the momentary current due to a sudden short circuit or 
bad synchronizing. The short-circuit current obtained by gradually short¬ 
ing an alternator is about three to four times full-load current, and is much 
less than that obtained on suddenly shorting it. In the latter case an 
initial rush of current up to twenty or more times full-load current may 
flow. Both these currents may be approximately predetermined from the 
design of the alternator. 

On a short circuit the armature current is equal to the induced E.M.F. 
-T- armature impedance. As the armature reactance is much greater than 
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its resistance, the current will lag nearly'90° behind the^gdiiced E.M.F., 
with the result that the armature ain[)ere turns will* almost directly oppose 
the field, ampere turns (see p. 23’), but will be sh't'htly less than the latter 
by a sufficient amount to permit the (lux whiWi induces thc’E.M.F. to 
pass into the armature. 

. The gradual short-c^cuit current of the 250 slow-sjx-'cd alter- 

nator whose saturation curve is plotted on p. can readily be (bund as 
follows: Xhe field amix-re turns necessarx' to produce full-load current 
under short circuit are first found. With full field-strength the short- 



circuit current is then greater in proportion tt) the field. A curve .showing 
the relation lietween the short-circuit current |K.-r phase and the field 
ampere turns is called the short-circuit charactcri.stic, and is approximately 
a .straight line. • 

In this alternator the impedance voltage is s/(2f -f fy)* |M;r cent =» 7.3 

per cent of the main volts, or y 3810 =- 278 volts [x;r phase. The 

amijere turns necessary to produce this are found from the saturation curve 
at the point .marked li, ( = 278 volts) to be - 300 an*i)ere turns per pole. 
The total armature reaction ficr fK)le is 1680 ampere turns. The field has 
therefore to produce 300 + 1680 = 1980 ampere turns per pole in order 
to cause the full-load current per phase I ( = 22 amperes) to flow in the 
armature. A line joining the origin to 1 erected at 1980 ampere turns gives 





264 /ii.iRKi\Ali;\C.-CUK'KbrST GEXERATORS. 

the short-circu^ characteristic, and this produced to yei^ical from 

the full-lhad am|x;re tifrns gives'the shortrcircjjit f urrent f, p '68 or three 
times full-lf?ad current. The initia^ current' on a sudden short qircuif is 
driven by The total induced I'i.M.K, li, as soine intetyal. of time, however 
small, is required* for the arniati^re reaction to alter the main flux and 
weahen it down to the normal valge under shqrt circuit. The initial'shortr 
circuit Current |)er phase w«uld therefo’rp be.;.' 

= j, where .1 = iiii|x;uance per phase. 

The current, however, dries not ri.se instantly to. this value, on account of 
armature inductance, and, as demagnetization of t^e main field is mean¬ 
while taking place,.‘it is somewhat less. '*. 

The initial sifort-circuit'current of the alternator can be ea.sily worked 
out as follows';— 

Let 1 =■ full-load current per phase = 22 amperes, 

1„ = initial short-circuit current per pha.se. 

Then I rr = impedance voltage = 7.3 jier cent of 3810 



In a turbo-.'ilternator the inipedjince voltage is even a smaller per¬ 
centage of the main voltage than with a slow-speed machine, so that the 
initial current is anything front twenty to thirty times the normal. Now 
a conductor in which ;i current is suddettly .started tends to repel any solid 
metal near it dttc to ;t secondary current which reacts uiwti the primary 
one being induced in the metal in the opposite direction. The end con¬ 
nections of the ariuitture winding;^ will therefore rci>el the ironwork near 
them, and the pha.ses will also exert considerable mechanical forces on 
each other during a short circuit, and considerable displacement and 
damage might be done were they not thoroughly clam|3ed. Various 
devices are used for this purpose, according to the style of winding used. 
For coil windings either glands or clamps, as shown in fig. 4q, are used, 
whilst for barrel windings insulated steel rings are used, to which the end 
connections are bound by cord both inside and outside, as shown in fig. 20 
• and fig. 46, which shows the same winding as fig. 20 completed. 

The modern tendency is to keep the initial current low by designing 
turbo-alternator wiitdings with a fairly high inductance at the expense of 
good regulation, which is unnecessary since the perfection of automatic 
regulators. With very large generators it is not possible to make the 
inductance high enough, so that external inductance between the generator 
' and the bus-bars is nece.s.sary. This may consist of an ordinary choke 
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coil vvith a iMnioaled iron cotv, bftt in ordcV lIiat it iiiav du'kv eflirioiitly 
on a sHortjt' is e^n^ial .tliat'Hhe (lux .dewiiity lie very low, say 500 lines 
ner rm‘* oo't—' norn(iJ<l’Working, otiterwise the large rnsh of current will 
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ouicklv saturate the ir.m anti greatly retiuce the choking efkct, In some 
cases Ln is clis,tensed with altt.gether, anti the co.l is w.iiin.l t,n a large 
core of concrete or other non-niagnctic substance. 1 he iinluetanee is 
constant whatever current passes. 
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CHAPTER VIII 

AUTOMATIC KKGULATION 

. Many ingenious schemes for automatically^compensating alternators 
for voltage drop on load iiave been devised, ifrnongst which’may be meiir 
tinned the following:— 

1. Compounding the field by means of a current rectified from current 

and potentfal transformers in the main circuit, so that the greater the load 
and lower the [jower-fattor the greater the c(jri[)ensating effect (Ifej'land 
and others). * 

2. Operating on the exciter field by the introduction of alternating 
current througlf slip-rings into the armature. The armature reaction so set 
up is cau.sed to increase the field on load. The exciter must be of the 
same frequency as the alternator, the field - magnet position adjustable, 
and the alternating current obtained from the main circuit through current 
transformers if necessary (E. W. Rice). 

3. Utilizing armature reaction to strengthen the field on load. This 
method is only applicable where the load is practically non - inductive 
(Miles Walker). 

4. Increasing the exciter voltage by decreasing the exciter leakage.flux 
on lo.'id. The two limbs of a choke coil bridge the gap between the pole- 
tips of adjacent N. ancLS. poles, thus |Jermitting considerable leakage. A 
current proportional to the main flows round the coil and saturates the 
liipbs of the coil, so increasing the reluctance of the leakage path (Parsons). 

Many of these methods have been successfully employed, and are useful 
in certain circumstances. They'are, however, subject to the same defect as 
direct-current compound generators for constant voltage supply, in that thej- 
compensate for load only and take no account of S[)eed variation. Automatic 
field regulators, on the other hand, tend to maintain a constant voltage 
whatever the cau.se of variation. Of these the Tirrell regulator is the most 
universally employed, due to its rapidity of action and close regulation. 

In the simple Tirrell regulator the field rheostat is alternately shorted 
and thrown into circuit so rapidly that practically a steady average field 
current is produced. The field current is varied by the rheostat being 
shorted for a longer or shorter period. When the rheostat is thrown into 
circuit with the field the generator voltage commences to fall, but before 
it can fell to any appreciable extent the rheostat is again short-circuited. 
With the rheostat cut out the volts would rise considerably above normal, 
but immediately they are above normal the rheostat is again thrown into 
circuit. In this way the voltage is kept hovering about normal with a 
variation too small to be noticeable. 

With load on, the voltage falls more rapidly when the rheostat is cut in, 
so that the period during which it is in circuit is shorter. The voltage 
also takes longer to rise when the rheostat is shorted, so that the time 
during which it is shorted is greater. The average field current is therefore 
greater on load. In the*case of an alternator the regulator operates on the 
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field rheostat of the e^«citer, not the generatoi*,tl)ns reducing the field losses 
to a minimiijm. ' 

A diagram of the connections Ls shou'ii in fig. I he c.\ciier control 
magnet, which is connected across the e.\citer terminals, consists of a 
floating solenoid attached to a lever o|)crating the main contacts, the pull 
of the solenoid being opposed by a spring which tends to keep the main 
contacts closed. Ihc closing of the contacts operates a relay magnet' 
which short-cifeuits the field rheostat. The relay consists of a horseshoe 
electro-magnet, one limb of which is permanently connected across rite 
exciter and the other through the main contacts also'across the exciter. 
The two limbs are wound differcntiallv, so that when the main contacts 
are clo.sed the relay magnet is demagneti/.efi and the relay contacts arc 
closed by a spring which pulls a lever away from the magnet. I'his shorts 
the exciter rheostat and rai.ses the exciter voltage suflicientTy to opcTi the 
main contacts. Magnetism is then re-established in the relay I'nagnct ami 
the relay contacts also open, throwing the rheostat once more in circuit. 
The relay contacts are shunted with a condenser of suitable capacity to 
prevent sparking. The main control magnet is connected across the 
alternator leads through a |X)tential transformer. It consists of a floating 
solenoid in which the pull on the plunger is independent of its |«isition in 
the coil,,and, as the alternator voltage must remain constant at all loads, 
the ferce which balances the pull mu.st Ire constant. A weight is therefore 
used on the main control lever instead of a spring. The action of the main 
control magnet is to shorten or lengthen the time of contact of the main 
contacts, and thence the rcla\’ contacts, according as the voltage is high or 
low res[jectively.. With a high voltage the plunger is pulled up, the mayi 
control lever rotates anticlockwise, .so that the upper contact has farther 
to travel in order to close the relay circuit, and the rhco.stat remains o|)en- 
circuited for a longer and longer period. This proceeds until the voltaga 
is again normal. Ju.st the reverse takes place if the main voltajjp falls 
below normal, the lower contact rising and the rheostat being shorted for 
a longer and longer period till the main voltage is normal. The main 
control plunger is so delicately poised that the slightest alteration of main 
voltage will start the lever rotating in 0114: direction or the other, and the 
whole arrangement is capable of maintaining the main voltage within 
J per cent of normal. The main volts m.iy be made to rise when load 
comes on, so as to compensate for line drop b)- arranging a current coil on 
the mjiin control magnet, the current lx;ing obtained through a current 
transformer. .-\ny required amount (jf com]xmnding may Ik; obtamed by 
moving a switch lever so as to include more or less turns of the current 
coil. 
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CHAPTER IX 

SYNCHRONIZING AND PARALLEL RUNNING 

For the purpose of connecting an alternator in parallel with others it is 
•necessary for the voltage, frequency, and ph%s^ of the incoming generator 
to be the same as that of the bus-bars to whicl\ the others,are connected. 
Equality of voltage is readily obtained by adjusting the field regulator when 
the speed is correct and a slight difference of voltage is not of much con- 
se()uence. 'Die incoming*generator musln however, be in the proper pha.se 
relation to the bus-bars, and a synchronizing device or synchroscope is 
required to indicate the moment at which it is safe to close the main switch 
between the ijternator and the bars. A rotary form of synchroscope is 
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generally used. As made by Messrs. Everett Kdgeumbe this instrument 
consists of a small two-phase stator, inside which is a rotor also wound 
two-pha.se. Both the stator and rotor have a phase-splitting device, con¬ 
sisting of a resistance in scries with one phase and an inductance in series 
with the other, so that when they are Connected to a single-phase circuit 
the current in the inductive phase of the winding lags nearly 90° behind 
that in the phase connected to the resistance. The device is sin\ilar to 
that uijed for starting single-phase induction motors, only in this case both 
the stator and rotor produce rotating fields which move rounS in the .same 
direction. The stator is connected across a single phase of the incoming 
generator and the rotor through slip-rings to a pair of bus-bars. It is only 
necessary to synchronize a sinsle phase of the generator with the bus-bars, 
as the connectiorfs are .so arranged during installation that.all the phases 
are in synchronism when one pair is. The general connections are 
shown in fig. 48. So long as the stator and rotor are supplied with 
currents at the same frequencies the rotor will remain stationary, but the 
slightest difference will cau.se the rotor to move one way or the other, and 
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hy its (iiioi:tK>ji of rotation 
whether the mcominj; generator is running t<w> fast or slow. A lamn 
mstde the .nstrument also indicates for .listant reading bv showing red 
when the generator is too fast and green when too slow. When the ix.inier 
conies into the vertical |)osition the alternator and the bus.|«rs are in 
phase and the mam switejj s may be safeli- closed. A si nchroscoiic of 
this deicriptioil is almost es^ntial with large turbo generators in orefer to 
indicate the e.tact moment when to close the main switch. Closing tlie 
switch at the wrong moment causes a heavy current to How lietween 
the alternator and the bus-bars, which will no ^oubt pull the alternator 
into synchronism but will also disturb the wjtole 'si stem and general!)- 
act like a momentary short circuit on the bus-liars, i.ainps are often used 
but cannot be relied on for exact synchronizing,- whether the)- are used to 
indicate .synchronism when the)- are bright or dark. A rfi'ad-beat volt¬ 
meter may also be u.sed, though if is not so good as the rotary .s)-nchrosco[x‘, 
and does not distinguish whether the generator is running fast or slow. 
Very often both lamps and a voltmeter are installed on the synchronizing 
panel as a standb)- in case the rotarv- s)-nchrosco|)c fails. 

Once an alternator is paralleled w-ith the bus-bars it will in ordinarv 
circumstances tend to remain in parallel. We mai- regard the fora-s 
maintaining the rotating - field system in .synchronism in the following 
manner: Sufiposc the armature w-ere connected to the bus-bars and a 
laminaterl iron core substituted for the rotating field-magnets. A mag¬ 
netizing current would lx- drawn fioin the bars, and a rotating armature 
field produced in the .same wav- as in the stator of an induction motor. 
If now- the field-magnets arc substituted for the iron core, .-inrl revolved 
at the same rate as the rotating field, a north pole of the magnets facing 
a south pole of the armature field, it liccomes no longer necessary for the 
bus-bars to supply magnetizing current, for the field-magnets will them-’ 
selves iiiduce the rotating armature field, a north pole of the fu-ld imlucing 
a .south pole in the part of the armature facing it, ami so on. This cone 
spends to the alternator .synchronized w ith the bars but unlojided. In order 
to make the alternator share the load on the bars, it is neccss.-ir)- to adjust 
the engine governor to supply more steaiy at the same speed, since tiu: 
latter is fixe-d by the bus-bar fre<|ucncy. increasing the field-strength will 
not load up an alternator, as in the case of a direct-current generator, which 
obtains more driving power by dropping in s|x,-ed and causing the governor 
to open the throttle valve. When the alternator field is increased .1 current 
is produced by the difference Ix.-twecn the alternator induced ii.M.I*. and 
the bus-bar volts. This current lags nearly <f>‘ behind the alternator 
induced E.M.F., due to the inductance of the arm.-itiire, and is therefore 


practically wattless. Its effect, therefore, is not to load tin- alternator, but 
to react on the field and reduce it to nearly normal. When the fiehl 
strength is.redgced a current opfrosite to the former flow-i, or one leading 
the alternator induced E.M.l-'. by nearly (jo and so tenrling to strengthen 
up the field again. If, however, the driving force supplied to the alter¬ 
nator shaft is increased, so that it tends to run faster than the synchronous 
speed or si^eed of the rotating armature field, a load or in-phase current 
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i.ssiies from ^he alternator which retards it. The load current produces an 
armature field 90° Behind the armature fiel 3 induced by the, poles. The 
resultant of this field and the one induced by the magnets is a field somewhat' 
behind that of the rotating field-magnets, tending to pull them' back. Ih 
reality the field-magnets have moved ahead of the synchronous position 
which is repre.sentcd by the resultant armaturj field. In fig.,49 both the 
armature and rotor fields are depicted as if tHfey were rotatifig magnets, the 
position of the rotor field being shown slightly in, advatite of the syn¬ 
chronous position. The attractive force between the two fields tends to 

restore the rotor field to the 
synohronous positio'n. This 
restoring force at first be¬ 
comes greater with greater 
displacement between the 
magnets, but later reaches 
a maximum and diminishes 
as the distance between the 
magnets weakens their effect 
upon each other. At this 
stage the alternator would 
fall out of step, and cause 
a bad short circuft on the 
bus-bars. 

Evidently it is possible for the rotor to oscillate about the synchronous 
if jerked in any way, and there will be a natural frequency of oscillation. 
Jshould any periodic variation of the engine torque approach this natural 
frequency, violent o.scillations of the rotor may lx; set up which may jerk 
the alternator out of step. An unstable governor may produce the same 
•result. To prevent these oscillations, “-amortis-seur”, or damping, coils are 
fitted,to the rotor poles, as described on p. 254, in connection with single¬ 
phase alternators. These coils act like the squirrel-cage rotor of an 
induction motor, and retard by currents induced in them any motion of 
the rotor poles relative to the armature |)oles. 

Trouble of this nature chiqjly occurs in connection with reciprocating 
engines, and more especially large gas-engines. The driving torque of 
turbo-alternators is so uniform that it is not generally thought necessary 
to provide them with damping coils. 


aSSULTANT >OSlVlON OF 
ARMATUAE FIELI) 
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